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Abstract 
The performance of buried pipelines subjected to traffic load is an important 
engineering consideration and there is a need for further research in this field. The 
main objective of this research is to investigate the behaviour of a buried 
pipeline under traffic load through laboratory testing and finite element analysis.  
A numerical parametric study was carried out to investigate the influence of 
different factors on pipe-soil behaviour under live load using ABAQUS. The effect of 
eight different factors including burial depth of pipe, pressure magnitude, width of 
loading area, internal pressure, pipe-soil interaction properties, pipe material, wall 
thickness and boundary condition at the pipeline ends on pipe deflection, 
surface settlement, maximum stress in pipe wall as well as earth pressure 
on pipe were investigated. The parametric study was followed by sensitivity 
analysis to investigate how sensitive the model was to change of each above 
mentioned parameters and to determine the factors with the most relative 
contribution on model response. As a result, the impact of surface pressure and 
burial depth was selected to be investigated in the second phase of this research.  
Twenty six laboratory cyclic tests were conducted on a buried pipe to 
investigate model response during initial and cyclic phase for both non-treated and 
cement-treated trench materials. For this purpose, a new physical modelling was 
developed to investigate buried pipe performance comprising a large soil box to apply 
cyclic load on top of trench soil. A series of nonlinear finite element analyses were 
also developed to investigate pipe response during initial phase. To get the input 
material properties, a series of direct shear tests were performed to define material 
strength taking into consideration the impact of curing time. To find a relationship 
between measured circumferential strain on pipe and pipe deflection, a compressive 
loading test was carried out and pipe deflection and strain were investigated using 
Linear Variable Displacement Transducer (LVDT) and strain gauges. A Finite Element 
Modelling (FEM) was also developed to predict pipe deflections based on numerical 
simulations for pipe deflection and strains.  
Results were presented in terms of pipe deflection, soil surface settlement and 
earth pressure on pipe and the impact of burial depth, surface pressure and cycles 
was investigated. Pipe deformation modes were also investigated based on strain 
measurements at different points around the pipe circumference. Experimental and 
numerical analysis revealed that increasing burial depth decreases pipe deflection, 
increases soil surface settlement and decreases pressure on pipe while increasing 
iv 
surface pressure increases all mentioned parameters. Results also indicated that 
cement stabilisation improves pipe behaviour and reduces surface settlement of 
trench and pipe deflection. The results showed that a good agreement between 
numerical and experimental test was observed. From all numerical and experimental 
results, equations were developed to predict soil surface settlement, pipe vertical 
diametric strain and pressure on pipe using Linear Regression Model (LRM) and 
Artificial Neural Network (ANN) in MATLAB. While linear regression modelling 
approach was deficient to predict desired parameters, more accurate results were 
obtained using artificial neural network method. Cumulative error analysis showed 
that all predicted parameters using artificial neural network method, have less than 
20% error.  
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1 
1 INTRODUCTION 
BACKGROUND 
Pipelines are essential infrastructure for transmitting water, gas and oil in any society. 
Their usage has expanded with time during past decades because they are more 
energy efficient than other means of transportation. Although they require significant 
initial investment, they have a lifetime of up to 40 years with minor maintenance 
requirement (Kyriakides & Corona, 2007). Oil and natural gas pipelines often cross 
country borders and sometimes they require investments of billions of dollars. Any 
damage due to pipe failure can produce loss of functionality and consequently has 
economic and social impacts. In addition, in the case of sewerage, any failure of 
pipeline can cause illness in the affected area (Moser, 2001). Many factors are 
contributing in pipe failures such as deterioration with time, geometry conditions, 
external factors, human error, fatigue, ground movement, etc. (Abolmaali & Kararam, 
2010; Farhadi Hikooei, 2013; Liu et al., 2010; Parker, 2008; Rojhani et al., 2012; 
Vazouras et al., 2010; Zheng et al., 2012). Geotechnical engineering has a key role 
in ensuring satisfactory performance of buried pipelines in installation, construction, 
and routine operations. The main causes of onshore pipeline failure at road crossings 
are the overburden pressure due to soil cover as well as cyclic traffic load especially 
at shallow depths (Kyriakides & Corona, 2007; Moser, 1990; Rajeev et al., 2013). As 
an example, Figure 1-1 illustrates a pipeline failure under road after a water main 
burst in Melbourne's inner city. The failure of the pipe can be due to the fact that under 
traffic load, soil strength decreases when number of cyclic load increases. In other 
words, with time, both pipe and soil can degrade under cyclic load due to traffic 
affecting long-term performance of pipe-soil system. However, degradation can be 
induced by other factors than traffic such as buckling, change in temperature, 
etc.(Kyriakides & Corona, 2007; Randolph & Gourvenec, 2011).  
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Figure 1-1 Cars swallowed by a sinkhole caused by flooding in Port Melbourne (Grace, 
2014) 
To improve pipe behaviour under cyclic load and reduce permanent 
deformation of road, soil can be stabilized. Road stabilization is classified into two 
categories: mechanical and chemical (Kestler, 2009; Makusa, 2012; Sétra-LCPC, 
2000; Sherwood & Transport Research, 1993). There are numerous researches on 
the use of mechanical road stabilizers such as compacting and blending of soils, 
incorporating conventional geosynthetics and their impact on pipe-soil response, i.e. 
(Moghaddas Tafreshi & Khalaj, 2008). However, there is lack of research on the 
impact of traditional chemical stabilizers including cement, lime, fly ash and 
bituminous materials on pipe-soil system.  
 PROBLEM STATEMENT 
Cyclic loading may result in soil loosening, strength and stiffness degradation and the 
buried pipe breakage and failure (Cubrinovski et al., 2011; Randolph et al., 2011). 
Therefore, evaluation of a buried pipe performance subjected to traffic load is an 
important research focus area and the review of literature indicates that relatively few 
numerical and experimental investigations have been undertaken on this subject. In 
addition, limited number of numerical or experimental researches is available on 
investigating impact of cement stabilization on the behaviour of buried pipe. Thus, an 
experimental and numerical investigation to study the stabilization impact on 
performance of buried pipe subjected to traffic load is needed. The contribution of the 
current research and its significances are summarized as follows: 
I. Pipelines have various applications and any failure in pipelines system will 
have many negative impacts in any society.  
II. Research is needed to prevent pipeline failure. 
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III. It is important to develop the fundamental research on pipeline behaviour to 
minimise the costs of failed pipeline system. 
IV. Research is needed to identify the factors affecting buried pipe behaviour by 
implementing numerical parametric study and sensitivity analysis.  
V. A laboratory facility capable of testing pipes subjected to cyclic load is 
designed to facilitate simulation of traffic load on the pipe which is the main 
contribution of the current research work. 
VI. A numerical model can also be developed to simulate the relevant aspects of 
the problem to better understand the model behaviour under various 
conditions. 
 OBJECTIVES OF THE THESIS 
In the past few decades, many studies have been performed to investigate the 
behaviour of buried pipes subjected to different conditions. However, a few studies 
related to pipe-soil interaction under cyclic load are available. Thus, the main objective 
of this research program is to determine the performance of a buried pipeline 
subjected to traffic load. Before that, a numerical parametric study on a buried pipe is 
carried out using finite element software, ABAQUS. A sensitivity analysis is then 
performed to investigate how sensitive the model is to any change of different 
parameters. In the next phase, the impact of the most sensitive factors from 
parametric study will be investigated on a buried pipe experimentally and numerically. 
Therefore, a tank allowing measurement of the changes in pipe and surrounding soil 
under cyclic loads is built. This setup is one of the original contributions of this 
research. In addition, impact of cement stabilization on the performance of buried pipe 
is investigated. At the end, equations are developed to predict model response due 
to change of various factors. In summary, the main objectives of the current research 
are as follows: 
I. To identify the factors that have the highest impact on buried pipe response 
by implementing numerical parametric study and sensitivity analysis;  
II. To study the effects of burial depth and surface pressure on a buried pipe 
performance during static phase using data from physical modelling supported 
by numerical simulations; 
III. To examine the importance of initial phase on model response and evaluate 
the impact of cyclic load on the performance of buried pipe taking into 
consideration change of burial depth and surface pressure;  
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IV. To investigate the impact of traditional chemical stabilization on buried pipe
deflection and on improving model behaviour;
V. To develop a relationship between various variables to predict pipe behaviour
under static and cyclic loads;
SCOPES OF THE THESIS 
To accomplish the research objectives as detailed above, the scopes of the current 
research program are summarised as below: 
I. Performing numerical parametric study using ABAQUS on both 2D and 3D
models to illustrate the effect of various factors on buried pipe responses. The
impact of the most important factors affecting pipeline response from
sensitivity analysis will be investigated in the second phase of research;
II. Designing appropriate experimental models to verify and validate the results
of numerical analysis;
III. Performing appropriate tests to characterise material properties in the
laboratory;
IV. Conducting a series of cyclic loads on a pipe buried in a sandy soil. Stresses
and strains in the system are recorded using pressure cells, strain gauges and
LVDTs;
V. Performing a series of cyclic loads on a pipe buried in cement-treated sand to
evaluate the effect of stabilization on pipe-soil interaction and on soil surface
settlement;
VI. Developing of a nonlinear model in ABAQUS based on experimental model to
compare the results of numerical analysis with experimental results;
VII. Developing equations using Matlab to predict pipe deflection, soil surface
settlement and pressure on pipe under specific burial depth and surface
pressure for both untreated and stabilized sands under initial and cyclic
loadings;
VIII. Comparing accuracy of two different methods of model prediction using
Regression and Neural Network methods;
STRUCTURE OF THE THESIS 
This thesis is organised in eight chapters and a brief outline of each chapter is given 
and summarised in Figure 1-2. 
 5 
 
 
Figure 1-2 Overview of the strategy behind this research 
 
Chapter 1 is an introductory chapter outlining the motivation, objectives and 
scope of the thesis.  
Chapter 2 mainly focuses on literature review. There are numerous 
publications on buried flexible pipes in literature. However, there are few of 
experimental and numerical studies dealing with pipe-soil interaction due to cyclic 
load. In addition, there are limited researches available on the impact of traditional 
stabilizations on buried pipe response. Based on the reviewed studies, research gaps 
are identified and the research work to investigate pipe soil behaviour under cyclic 
load is proposed. 
Chapter 8: Conclusions and future works
Summarizes the achievements and recommends future research works
Chapter 7: Analysis and discussion
Investigates the impact of various factors and develops equations
Chapter 6: Results, numerical and experimental
Presents the results for both non-treated and cement-treated trenches
Chapter 5: Material properties
Presents the properties of material used including soils, cement and pipe
Chapter 4: Methodology
Describes methodology for experimental and numerical modelling
Chapter 3: Numerical parametric study 
Examines the impact of different factors on buried pipe performance
Chapter 2: Literature review
Presents review of literature related to buried pipes and stabilization of trenches 
Chapter 1: Introduction
Provides introductory information
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Chapter 3 presents parametric study of the response of buried pipe subjected 
to traffic load based on the finite-element analysis. This section includes theoretical 
developments, program description, and comparison of different factors affecting the 
buried pipe behaviour. Then, the sensitivity analysis is performed to quantify the 
impact of each parameter on model response and to identify how sensitive the model 
is to each parameter. The relative contribution of each factor on pipe deflection, soil 
surface settlement, stress in the pipe wall and earth pressure around pipe is 
investigated. The most critical parameters are found to be surface pressure, burial 
depth and loading area.  
Chapter 4 describes the methodology and specifications of experimental 
setup and numerical modelling of buried pipe under live load. Chapter 4 to Chapter 7 
focus on the investigation of buried pipe performance both experimentally and 
numerically under different surface loads and burial depths.  
Chapter 5 describes the properties of materials used in this research. To 
define properties of sandy soil, direct shear tests are carried out at different normal 
stresses. Soil parameters and constitutive models are developed based on test 
results. In order to model pipe behaviour, a compressive test is performed on a piece 
of pipe and the strain and crown deflection are measured. Results are compared with 
those predicted through finite element and empirical methods.  
Chapter 6 presents the results of experimental and numerical analysis of 
buried pipe subjected to surface load. Before running the tests, bearing capacity of 
soil under loading plate on non-treated and cement-treated materials is investigated. 
Then, the impact of various factors including surface pressure, depth of soil layer, and 
number of cycles for both untreated and cement-treated materials were investigated. 
The experimental test results are followed by the results of numerical analysis for 
some cases.  
Chapter 7 provides the discussion and analysis of the research results. In 
addition, the impact of various factors on model response, efficiency of cement 
stabilization and impact of initial phase are also discussed. Regression models and 
equations are developed to predict pipe vertical deflection, soil surface settlement and 
pressure on pipe during initial phase. Results obtained using two methods of Linear 
Regression Model (LRM) and Artificial Neural Network (ANN) in MATLAB are also 
compared for cyclic phase. 
Chapter 8 summarizes the achievements of the current research project and 
the recommended future research works.  
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2 LITERATURE REVIEW  
 INTRODUCTION AND CHAPTER OVERVIEW  
Underground pipelines have been serving humans life to improve their standard of 
living since the dawn of civilization. Many ancient civilizations had water and 
sewerage systems to provide inhabitants with fresh running water. One of the oldest 
underground systems created by Persian Empire are qanats. The qanat consists of 
several vertical shafts cut into the soil connected through horizontal pipes at a slight 
angle. Qanats older than 2700 years are still in use with the use of gravity for moving 
water in pipes (Takacs & Cline, 2015). Today pipelines infrastructures serve in 
different applications such as sewer lines, drain lines, water mains, gas lines, oil lines, 
subway tunnels, electrical distribution lines and etc. Any failure in pipeline can cause 
malfunctioning of system and lead to economical loss in any society (Moser, 2001). 
Therefore, a comprehensive research on pipe-soil interaction to minimise the costs of 
failures is needed. Given the importance of pipeline in any society, research on pipe 
response is essential. This chapter reviews the buried pipe performance due to 
various loading conditions with focus on cyclic loading. 
The overview of chapter is shown in Figure 2-1 divided into five sections. The 
first section gives a brief review of the design of buried pipes theories and its 
development through the past few decades. The design methods are empirical, 
analytical and numerical. The second section represents different failure modes of 
pipeline specifically in onshore applications. In this section, the impact of cyclic load 
on pipe failure which is the main focus of this research will be also identified. In 
addition, degradation definition and pipe-soil response due to cyclic load are 
discussed briefly. The third section investigates the methods of reducing pipeline 
failure under roads. The applications of road stabilization are discussed briefly in this 
section. This will be followed by representing recent studies dealing with pipe 
response under different loading conditions. Finally, research gaps will be identified 
at the end of this chapter based on reviewed studies. 
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Figure 2-1 Chapter overview 
Literature review
Design of buried pipe
Section 2.2
Empirical method
Analytical method
Numerical method
Pipeline failure modes
Section 2.3
Time dependent
corrosion failures, 
degradation
Equipment; welding-
fabrication related, 
manufacturing-related 
defects
Time-independent
Third party or mechanical 
damage, ....
Improve pipeline 
integrity
Section 2.4
Mechanical methods
Chemical methods
Case studies
Section 2.5
Experimental case studies
Numerical case studies
Knowledge gaps
Section 2.6
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 DESIGN OF BURIED PIPE 
Generally the pipes are classified as rigid and flexible. For flexible pipe stiffness is a 
critical factor while for rigid pipe, strength to resist wall stress is the critical criterion 
for design. Steel, plastic and ductile iron pipes are generally classified as flexible and 
concrete and clay pipes are classified as rigid (Moser, 2001). In Figure 2-2 the 
behaviour of these two types of pipes are illustrated. It should be noted that in 
Figure 2-2 S represents settlement of backfill for the case of rigid pipe and D 
represents vertical deflection of a flexible pipe under earth pressure. Since early 
1990s, many researchers have focused on estimating the earth loads on buried pipes 
as well as stress transmitted to the pipe. Today, different analysis and design methods 
are available including empirical, analytical and numerical as shown in Figure 2-3. In 
the following section, a review of commonly used design methods of buried pipes are 
discussed. 
(a)   (b) 
Figure 2-2 Soil settlement of (a) rigid pipe (b) flexible pipe (Järvenkylä, 1989) 
Figure 2-3 History of buried pipe design methods (Kamal, 2012) 
Empirical Method 
Marston and Anderson
(1913)
Analytical Method
Burns and Richard
(1964)
Numerical method
Heger et al 
(1985)
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2.2.1 Empirical Method 
Marston and Anderson (1913) developed a theory for calculating the earth load acting 
at the top of a buried conduit. It was found that the load on a buried pipe is not the 
total weight of the soil prism above the conduit, since a portion of this load is 
transferred to the adjacent soil influenced by the soil arching effect. The load 
equations were grouped according to the pipe installation procedures. The two 
common installation methods are: a ditch pipe where the pipe is placed in a trench 
excavated through existing natural ground, and an embankment pipe where the pipe 
is laid on the natural ground level above which an embankment is built. For a ditch 
conduit, the load acting on a buried conduit can be obtained through sum of dead load 
and live load (Marston & Anderson, 1913). 
2.2.1.1 Loads on buried pipes 
Any load affecting the buried pipe response must be taken into consideration in the 
analysis and design of pipeline (ASCE, 2001, 2009; Moser, 2001). As this study 
considers the impact of live load on buried pipe, the impact of other parameters such 
as temperature, frost loading, fluid weight, seismic load, wave passage and etc. are 
not considered in this chapter. 
Earth load on rigid pipe 
Different parameters affect pipe load sustainability  such as  relative height of cover, 
the nature of backfill material,  geometry of the trench and relative stiffness of the pipe 
to the backfill (Marston & Anderson, 1913; Moser, 1990). The theory of Marston which 
published in 1913 is the beginning of methods for calculating earth loads on buried 
pipes known as Soil Arching Theory. The theory is based on concept of soil prism in 
the trench as shown in Figure 2-4. Marston suggested that the weight of the backfill 
was partly resisted by frictional shear forces on trench walls which are developing in 
time (Marston & Anderson, 1913; Moser, 2001). He conservatively ignored the 
apparent cohesion of the soil when enforcing equilibrium of vertical forces to derive 
his solution. His solution assumes the sum of vertical forces at bottom plus shear force 
at sides are equal to sum of vertical forces at top plus weight of element for a 
completely rigid pipe. The vertical force acting on the pipe is shown in Equation 2-1: 
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Figure 2-4 Basis of Marston’s theory of load on buried pipe (McGowan & Prangnell, 
2015) 
𝑊𝑊𝑑𝑑 = 𝐶𝐶𝑑𝑑ϒ𝐵𝐵2 2-1
Where Wd = load on rigid pipe 
Cd = load coefficient  
ϒ = unit weight of backfill 
B = width of trench 
Cd or load coefficient is an exponential function of the coefficient of friction (μ 
= tanδ) between the natural soil and the backfill. It should be noted that the rigid pipe 
is not assessed in this research and more details can be found in other references 
(Moayed et al., 2012; Moser, 2001)  
Earth load on flexible pipe 
A flexible pipe derives its carrying capacity from its flexibility. Soil can be represented 
as a spring as shown in Figure 2-5. Under weight of soil above the buried pipe, the 
pipe tends to deflect. Soil deforms and the majority of load is carried out by pipe. In 
fact pipe and soil work together to resist the load as shown in Figure 2-5. Deflection 
of pipe depends on load on pipe, while the load on pipe is function of its deflection. 
The reduction in load on the buried pipe because of its flexibility is sometimes referred 
to as arching. However, the overall performance of a flexible pipe is not just due to 
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this so-called arching, but is also due to the reaction of soil at the sides of the pipe 
resisting deflection as shown in Figure 2-5-c. Load applied on flexible pipe based on 
Marston Load Theory is represented in Equation 2-2 (ASCE, 2009; Marston & 
Anderson, 1913; Moser, 2001) 
𝑊𝑊𝑐𝑐 = 𝐶𝐶𝑑𝑑ϒ𝐵𝐵𝑑𝑑 2 𝐵𝐵𝑐𝑐𝐵𝐵𝑑𝑑  𝑜𝑜𝑜𝑜 𝑊𝑊𝑐𝑐 = 𝐶𝐶𝑑𝑑ϒ𝐵𝐵𝑑𝑑𝐵𝐵𝑐𝑐 2-2
Wc= load on flexible pipe 
Cd =load coefficient  
ϒ = unit weight of backfill 
Bc = pipe outside diameter 
Bd=width of trench on top of pipe 
As cited by Moser (1990) in Marston load theory the amount of load taken by 
a pipe is affected by the relative movement between the backfill and the natural soil 
when settlement of both backfill and pipe occur. It should be noted that in many cases 
maximum load on pipe is 20 to 25 percent less than the load predicted by Marston 
and for long – term load applied on buried pipe may be greater than those predicted 
in Equation 2-2 (Moser, 2001).  
(a) (b) (c) 
Figure 2-5 (a) and (b) Sketch of spring pipe and soil working together as a system 
(c) contribution of side support in the performance of flexible pipe (Moser, 2001)
Live load or wheel load on pipes 
Live loads can be either static or quasi-static surface loads (Moser, 2001). Buried 
conduits may be subjected to applied loads by traffic. For the first time the French 
mathematician Boussinesq calculated the stress distribution in a semi-infinite elastic 
medium due to a point load on soil surface. Although soil is not an elastic homogenous 
13 
isotropic medium, Boussinesq solutions have given reasonable good results so far 
(Boussinesq, 1885). 
 Boussinesq and Newmark theory (1885) for calculating live load on buried 
pipe can be represented as Equation 2-3 in which load is applying on a rectangular 
surface as shown in Figure 2-6-a.Their assumption is based on elasticity of soil and 
the pipe should not be placed in a burial depth of less than D/6. Figure 2-6-b shows a 
rectangular area under surface live load representing tire pressure of breadth B and 
length L (Austroads, 2012; Moser, 2001). Then, Hall and Newmark developed 
equations for Cs to be used for calculating concentrated loads as shown in 
Equation 2-4: 
𝑃𝑃 = 𝑊𝑊(𝐵𝐵 + 𝐻𝐻)(𝐿𝐿 + 𝐻𝐻) 2-3
𝑊𝑊𝑠𝑠𝑑𝑑 = 𝐶𝐶𝑠𝑠𝑃𝑃𝐹𝐹′𝐿𝐿  𝑜𝑜𝑜𝑜 𝑊𝑊𝑠𝑠𝑑𝑑 = 𝐶𝐶𝑠𝑠𝑃𝑃𝐹𝐹′𝐵𝐵𝑐𝑐 2-4
Where: 
Wsd = load on flexible pipe 
Cs = load coefficient  
𝐹𝐹′= impact factor 
𝐿𝐿= effective length of conduit 
P=Concentrated load 
(a) (b) 
Figure 2-6 (a) Soil stress model for shallow burial depth (Moser, 2001) (b) 
soil cover H by an approaching wheel load W causing pressure of approximately P= 
W/[(B + H) (L + H) according to (Boussinesq,1885) 
14 
In practice, buried pipeline can be subjected to live load from sources such as 
highways, railways or airports which can be caused by truck-wheel loads, railway car, 
locomotive load or aircraft loads (ASCE, 2001). Depending on the project 
requirement, design specifications could be based on the live load AASHTO HS-20 
truck, Cooper E-80 railroad or 180 kip airplane gear load. It should be noted for deep 
burial depths the effect of live load on pipe can be ignored. In addition, the effect of 
traffic load on buried pipe is important when pipe burial depth is not deep (Uni-Bell, 
2012). Parametric studies have shown that the minimum of one foot often is essential 
for cover heights of pipe or sometimes minimum of D/6. For typical granular material 
however minimum soil cover for flexible pipe is D/10 (Moser, 2001). Guidelines are 
available to determine impact factors for specific height of trench cover under different 
road applications (Moser, 2001).  
Vehicular loads are typically H-20 or HS-20 configuration which simulates a 
highway load of a 20-ton truck based on the AASHTO (The American Association of 
State Highway and Transportation Officials) (AASHTO, 1996). An H-20 load consists 
of two 16000-Ib or 8 ton concentrated load as shown in Figure 2-7-a. These loads are 
applied on two 18-in by 20-in area. The Figure 2-7-b is an example of combined load 
impact on a pipe. In this example, the minimum total load occurs at 4.5 ft or 1.5 m 
burial depth. It should be noted that live load has a little effect on pipe except for 
shallow depths. Thus, the design precautions should be taken into consideration for 
shallow installations under roadways. It is noted under cyclic load, the impact factor 
should be considered to account for dynamic load effects.  
(a) (b) 
Figure 2-7 (a) AASHTO standard specifications for live loading (b) combined H-20 
highway live load and dead load (Kang et al., 2013; Moser, 2001) 
15 
2.2.1.2 Pipe design considerations 
After a brief review of different types of pipe and investigating load transmitted to the 
buried pipe in previous sections, design consideration for flexible pipe will be only 
presented hereafter. It should be noted that in parametric study, experimental and 
numerical analysis of the current research only flexible pipe performance is 
investigated.  
Performance limit for a flexible pipe is assumed a stage in which pipe cannot 
perform in an acceptable manner anymore. Performance limit for a flexible pipe is 
over-deflection, wall buckling and wall crushing. In design of flexible pipe, stiffness is 
an important design factor and sometimes having a stiffer pipe can be beneficial. Pipe 
stiffness is related to area, shape and corrugation height. However, a higher stiffness 
without sufficient wall thickness can cause premature pipe failure. Therefore, for a 
proper pipe, stiffness considerations should be made to avoid pipe failure. One of 
these considerations in flexible pipe design is controlling pipe deflection which will be 
discussed in the following sections (Cameron, 2005; Moser, 2001). 
Pipe deflection as shown in Figure 2-8 is a design parameter for flexible 
pipeline and is expressed as strains relative to the internal diameter of pipe. All flexible 
pipes should have a design deflection limit which is not a performance limit but 
performance limit with a safety factor. The deflection of pipe can be expressed shown 
in Equation 2-5. 
Figure 2-8 Ring deflection of a flexible pipe 
𝛥𝛥𝑖𝑖 = 𝑊𝑊𝑑𝑑𝑟𝑟𝑆𝑆 2-5
In which Δi is pipe deflection, W is total transverse load on pipe crown, S is 
pipe stiffness =EI/D3 and dr is pipe deflection coefficient in desired direction. The 
deflection varies with the pressure in the pipe and the direction at which pipe is 
considered. Equation 2-5 has been developed and results are presented in different 
references. More details can be found in (Moser, 2001). However, the deflection 
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criteria can be expressed as strain of pipe wall. The strain of a plastic flexible pipe 
and HDPE pipe can be calculated through the following equation under combined 
load (Moser, 2001): 
𝜀𝜀 = 𝑃𝑃𝑃𝑃2𝐸𝐸𝐸𝐸 + 6 � 𝐸𝐸𝑃𝑃� ∗ (𝛥𝛥𝛥𝛥𝛥𝛥 ) 2-6
In which P is internal pressure, D is pipe diameter, E is Young’s modulus of 
pipe, t is pipe thickness, and Δy is total vertical diametric displacement of pipe. A 
deflection of 5% for flexible pipes is a limit especially for those under construction. 
2.2.2 Analytical Method 
Burns and Richards (1964) studied the interaction of a circular cylinder buried in the 
soil and analysed the performance of cylinder, developed different equations through 
parameters as shown in Figure 2-9 (Burns & Richard, 1964). It produces results such 
as strain, horizontal deflection, radial load and thrust. It should be noted that this 
method is not addressed in this research and more details can be found in other 
references such as (Burns & Richard, 1964; Kamal, 2012; Moser, 2001). However, a 
weakness of this method is the assumption of linear elastic behaviour of material. This 
assumption leads to large errors (Moser, 2001). 
Figure 2-9 Burns and Richard’s notation (Burns & Richard, 1964) 
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2.2.3 Numerical Method 
In 1970s, American Concrete Pipe Association (ACPA) initiated a research program 
to improve and update Marston-Spangler method. In this research program, a design 
method on pipe soil interaction of buried concrete pipe was introduced as shown in 
Figure 2-10 (Heger et al., 1985). Later, a finite element method computer programme 
was introduced for concrete pipe design called SPIDA or Soil-Pipe Interaction Design 
and Analysis. SPIDA allowed Heger to develop four standards for different levels of 
installations. Since then many researches have been performed to develop existing 
numerical models. Since 1981, ABAQUS has become the commercial finite element 
program capable of comprehensive nonlinear geotechnical analysis. It should be 
noted that more details and case studies about researches investigating pipe 
response using ABAQUS and numerical modelling are available in the literature and 
will be discussed in section 2-4 of this chapter(Abo-Elnor et al., 2004; Abolmaali & 
Kararam, 2010; Kang et al., 2008; Kunert et al., 2012; J. Lee et al., 2004) . 
Figure 2-10 Heger pressure distributions (Moncef et al., 2016) . 
PIPELINE FAILURE MODES 
Pipelines are reliable modes of transportation and in general they represent a small 
risk to human life and environment. However, they can be a big threat and represent 
large capital cost when they fail (Kang et al., 2013; Kyriakides & Corona, 2007). The 
definition of pipe failure may vary for each project. A newly-installed pipe usually has 
a high factor of safety, but the load-carrying capacity of a buried pipe decreases 
gradually over time due to continuous deterioration. In addition, the strength of both 
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pipe and surrounding soil may decrease over time. As illustrated in Figure 2-11 pipe 
failure occurs when the two curves (i.e., the curve of deteriorated pipe strength and 
the curve representing the current stress state of the pipe) meet. Based on available 
data from the U.S. Pipeline and Hazardous Materials Safety Administration, the 
average damage costs arising from significant pipeline damage incidents over the 
past 10 years have been in excess of $400 M/year (PHMSA, 2017).Therefore, it is 
fundamental to consider different factors  causing pipeline failure. The following 
section will discuss briefly the reasons for pipeline failures and its frequency in some 
parts of the world. 
Figure 2-11 A schematic representation of the process leading to pipe failure during 
the life-time of a pipe (Rathnayaka, 2016) 
2.3.1 Case Studies of Pipeline Failure 
Pipeline can be used either in offshore or in onshore applications. Offshore structures 
are placed in locations such as oceans in the forms of platforms and pipelines. 
Offshore pipelines and flow lines are pipes that are laid on or below the seabed to 
carry oil, gas or other fluids. They are described as the ‘arteries’ of the oil and gas 
industry and they can be installed on seafloor or in trench or buried below seafloor. 
Some hazards which endanger pipeline in offshore applications are: TPD or Third 
Party Damage due to anchor drop/drag, corrosion, mechanical failure, construction 
related damage, degradation due to cyclic load and natural hazards. Each year there 
are hundreds of pipeline failures causing pollution, loss in transportation capacity, loss 
of gas availability and costly repair expenses. Although failures on offshore lines 
normally take longer to repair, onshore pipelines have higher number of recorded 
failures (Randolph & Gourvenec, 2011). As this research is aimed to present pipeline 
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response due to cyclic load in onshore application no more details regarding offshore 
pipeline will be discussed here. More details on offshore failures can be found in other 
resources such as (Dean 2010; Kvalstad et al., 2001; Randolph & Gourvenec, 2011). 
In general, onshore pipeline systems can be divided into three major 
categories: oil, natural gas, and other liquid pipelines (water, chemicals and etc.). The 
map shown in Figure 2-12 provides an excellent overview of both existing oil and gas 
pipeline distribution in Australia (ABC-NEWS, 2014). Red and green lines show gas 
and oil pipeline, respectively. It is noted natural gas industry in Australia represent a 
substantial energy resource at the national level, and natural gas plays an important 
role in the Australian energy mix. Australia has also emerged as a significant player 
in world LNG trades (Department of Resources, 2012). It is noted Australia's shale 
gas reserves could be as much as 10 times the existing known gas reserves, 
according to a US government report (Robins, 2013). Now Australia is ranked seventh 
of the 41 countries reviewed by the EIA for shale gas resources, following Mexico and 
ahead of South Africa (EIA, 2016). Western Australia alone is estimated to hold one 
of the most important reserves of shale gas in the world. 
Figure 2-12 Map of major natural gas and oil pipelines in Australia (ABC-NEWS, 
2014) 
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However, over the past few years, a series of incidents have brought pipeline 
safety to engineering and research field attention. To illustrate global dimensions of 
onshore pipeline damage, time-lapse maps are created to show the accumulation 
of fatalities and injuries related to pipeline incidents. For example, Figure 2-13 
compares incidents in USA in 1986 and 2016 over 30 years. Red dots indicate 
failures resulted in fatalities and black dots indicate incidents without fatalities. As 
illustrated number of incidents and fatalities in US has increased significantly during 
past 30 years. However, pipelines are still considered as one of the safest means 
of transportation. In addition, loss of lives and property during pipeline incidents is 
lower comparing to other modes of transportation such as trucks (NTSB, 2016). 
1986 
2016 
Figure 2-13 Fatalities and injuries associated with pipeline incidents in USA in1986 
and 2016 (Joseph, 2016) 
In Figure 2-14 three cases of pipeline failure are shown. Figure 2-14-a shows 
the gas pipeline failure incident in 2014 in Texas. In that explosion, all working area 
and entire town were evacuated. The reason was due to human error as a crew 
accidently drilled into the gas pipeline (Gonzales, 2016). In another accident, occurred 
in 2010 in California, USA, a gas-line was exploded and due to this disaster eight 
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people were killed and 38 homes were destroyed (NTSB, 2016). Based on FEM 
analysis and laboratory examination the cause of this explosion was a technical 
reason which could have been avoided by more accurate engineering design and 
inspections. Figure 2-14-c shows incident of oil pipeline caused the leakage in Komi-
Russia. This incident was one of the worst on record since 1994, resulting in a spill of 
100,000 to 350,000 tons of oil-containing fluids that severely affected three rivers and 
caused environmental issue in the area in 2011 (Enviromental Justice Atlas, 1994). 
(a) 
(b) 
( c) 
Figure 2-14 Pipeline failure explosions (a) gas failure in Texas (b) gas failure in 
California (c) oil pipeline leakage in Komi (Enviromental Justice Atlas, 1994; NTSB, 
2016; PHMSA, 2017; The New York Times., 2011) 
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There are many different reasons for pipeline failure. Onshore pipeline failure 
can be due to factors such as human action and natural forces, construction and 
environmental factors, external-force/third-party damage, corrosion, and mechanical 
failures (materials failure and construction defects). In other words, the threats to 
pipeline integrity are classified in three main categories: time dependent, stable, and 
time-independent. The time-dependent threats involve corrosion failures. The stable 
category covers equipment; welding-fabrication related, as well as manufacturing-
related defects. The last category includes third party or mechanical damage, 
incorrect operational procedure, external force, and weather-related factors. In 
Figure 2-15, the pie chart provides the statistics about gas pipeline failure in USA 
between 1993 and 2012 (PHMSA, 2017). It is obvious the largest proportion of failures 
is due to material, corrosion and excavation damage. The U.S. Department of 
Transportation (DOT) and Research and Special Programs Administration, Office of 
Pipeline Safety (RSPA/OPS) reported on gas pipeline incidents and their causes 
between 2002 and 2003 which are summarised in Table 2-1 (Roberge & Revie, 2007). 
It can be seen that the cost of pipeline failure just in USA over a 2-year period is more 
than $ 66 million with significant human life loss. 
Figure 2-15 Significant onshore incidents cause breakdown in USA between 1993-
2012 based on PHMSA (PHMSA, 2017) and (Tudorica, 2014) 
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Table 2-1 Gas pipeline incidents in USA (Roberge & Revie, 2007) 
Reported Cause Number of Incidents 
% of Total 
Incidents 
Property 
Damages 
% of Total 
Damages Fatalities Injuries 
Excavation 
damage 32 17.8 $4,583,379 6.9 2 3 
Natural force 
damage 12 6.7 $8,278,011 12.5 0 0 
Other external 
force damage 16 8.9 $4,688,717 7.1 0 3 
Corrosion 46 25.6 $24,273,051 36.6 0 0 
Equipment 12 6.7 $5,337,364 8.0 0 5 
Materials 36 20.0 $12,130,558 18.3 0 0 
Operation 6 3.3 $2,286,455 3.4 0 2 
Other 20 11.1 $4,773,647 7.2 0 0 
Total 180 - $66,351,182 - 2 13 
Failure in oil and gas has been discussed in the previous sections. Water 
pipeline failures also have often serious consequences and some individual incident 
examples from recent years are briefly addressed in this section. Figure 2-16-a shows 
an incident happened in Adelaide, Australia, in 2015. In this incident water went up to 
air for 40 metres, the road was closed and nearby homes were damaged (The 
Advertiser., 2015) . In another incident a sudden collapse in the form of large hole 
was observed in one of the main roads of Tripoli which was the result of a severe 
degradation as illustrated in Figure 2-16-b. The original wall thickness of the pipe was 
reduced and damages in pipe wall caused fluid leakage, cavities in soil and collapse 
of pavement (Hadi Meilani et al., 2015) 
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(a) 
(b) 
Figure 2-16 Example cases of water pipe breakage(a) Australia (b) Tripoli   (Hadi 
Meilani et al., 2015; Laffer, 2015) and (Hadi Meilani et al., 2015)  
Many factors can affect the performances of a buried water pipeline. In 
Australia, based on Sydney Water report, major failures are leakage or breakage for 
a number of reasons. Many parameters can cause leaks, such as: deteriorating joints 
and fittings; ground movement; changes in water pressure; changes in rainfall and 
temperature; adjacent features such as trees and poles; soil types and traffic loads. 
Sydney Water has invested $1 billion in the last decade and will invest $350 million 
over the next four years to reduce these failures. In a research carried out by Qiao l it 
was shown that pipe failure modes are basically classified into five categories (Qiao, 
2011). These five major failure modes are summarized in the first column of Table 2-2 
and the possible causes of these incidents are described in the second column. A 
schematic diagram of those failure modes are also illustrated in the last column.  
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Table 2-2 Some causes of water pipeline failure (Qiao, 2011) 
Failure mode Can be caused by: Schematic illustration 
Circumferential 
breaks 
• thermal contraction or expansion
• bending stress
• inadequate trench and bedding practices
• third party interferences such as poor quality repair, maintenance, or
replacement practices
Longitudinal split 
breaks 
• hoop stress due to pressure in the pipe;
• ring stress due to soil cover load
• live loads caused by traffic
• the increase in ring loads when penetrating frost or moisture causes the
expansion
Clamp failures • fail themselves when clamps are used to repair previous pipe failures
Pinhole failures 
due to corrosion 
• reduction in pipe wall thickness
Pipe Joint leaks 
(including fitting 
leaks) 
• pipe heaving or misaligned connections
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Failure due to cyclic load - degradation 
 In this section, the definition of degradation which is one of the reasons of pipeline 
failure is discussed. The main focus of the current research is pipe response due to 
traffic load and with time, both pipe and soil degrade under cyclic load. Degradation 
can affect long-term performance of pipe-soil system.  
The behaviour of soil is nonlinear from very early loading stages. The 
degradation of the soil due to cyclic load was examined by Idriss (Idriss et al., 1978). 
It was concluded that reduction in soil Young’s modulus due to the number of cycles 
is related to the amplitude of the developed shear strain. Different stress-strain models 
used for nonlinear behaviour are shown in Figure 2-17 and Figure 2-18 . The vertical 
axis represents shear stress while the horizontal axis represents shear strain in a 
simple shear test. It can be seen that soil strength decreases when number of cyclic 
load increases. Different stress–strain models and variations of these models are 
shown in Figure 2-18. 
 
Figure 2-17 Schematic illustration of a symmetric stress–strain loop during the first 
cycle  (Lee & Sheu, 2007) 
 
Figure 2-18 Examples of load-deformation hysteretic models, left to right: elastic-
perfectly plastic; normalized Kato-Akiyama hysteretic component normalized peak-
oriented hysteretic component (Suzuki & Minai, 1988) 
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Degradation may occur due to either walking or buckling in the pipeline in 
offshore or traffic in onshore applications. This causes cyclic fatigue, plastic failure in 
bending, local bending, cracking or tearing, etc. (Bridge et al., 2004; Audibert et al., 
1984; Dean 2010). Degradation effect on pipeline is an important issue in offshore 
geotechnical engineering especially in touchdown zones (TDZ). In those areas when 
steel catenary risers (SCR) face the seabed, the cyclic load effects are important. 
More researches in this regard can be found in (Dean 2010; Randolph & Gourvenec, 
2011). In onshore applications however, degradation can be induced due to traffic on 
road. Case studies dealing with degradation impact will be presented later in this 
chapter.  
IMPROVE PIPELINE INTEGRITY 
Previous sections focused on different causes of pipeline failures. However, a 
combination of structural and geotechnical stabilization such as ground improvement 
is often considered in the design of buried pipelines.  
If soil in trench or base of road is not strong enough, road would deform and 
crack easily. Therefore, underground infrastructures such as water and sewage pipes, 
would be threatened due to road damage. With road stabilization, soil will be stronger, 
incompressible, dry and waterproof and safer to use. Road stabilization techniques 
can be divided into two categories, mechanical and chemical (Kestler, 2009; Makusa, 
2012; Sétra-LCPC, 2000; Sherwood & Transport Research, 1993). Mechanical road 
stabilization includes various processes such as compacting and blending soils, 
incorporating conventional geosynthetics or less conventional materials, such as 
woodchips, sawdust, rubber and woodmats. Traditional chemical stabilizers are 
cement, lime, fly ash and bituminous materials. Based on properties, such as soil 
granularity, plasticity, or texture, some stabilizers are more suitable for certain soils 
than others. Adding cement to soil can increase its bearing capacity and change the 
mechanism of failure. The function of increasing the bearing capacity is attributed to 
the “forced” initiation of the potential failure plane along an alternate direction 
providing a higher total resistance. The stabilization process decreases the shear 
stresses transferred to the soil and provides vertical confinement on the interface. It 
also decreases the shear strain near the top layer and limits surface rutting. The 
bearing failure model of subgrade may change from punching failure without 
reinforcement to general failure with ideal stabilization. Portland cement is typically 
used for road stabilization of subgrade or base course, but not for surfacing as the 
cement-treated material becomes brittle and cracks under traffic loading.  The surface 
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must be cured for at least first 7 days by either periodically applying water or by sealing 
the surface with a fog seal or similar. Fine-grained and sandy soils can be stabilized 
with cement while other soils with high organic content, should not be used for 
cement-stabilizations (Kestler, 2009). Some examples of using mechanical 
stabilization in pipeline industry are shown in Figure 2-19.  
(a) (b) 
Figure 2-19 Applications of mechanical stabilization in pipeline industry (a) geocell 
(Tavakoli Mehrjardi et al., 2012) (b) geosynthetics (Moghaddas Tafreshi & Khalaj, 
2008) 
CASE STUDIES 
In recent decades, many studies have been performed to investigate the response of 
buried pipes subjected to different conditions. However, a few studies related to pipe-
soil interaction analysis subjected to cyclic load are available. Amongst different 
methods experimental and finite element analysis used together are the preferred 
methods for researchers and they produce the most reliable results (Moser, 2011). 
The first research work on a buried pipe performance was published in 1913 
by Marston and Anderson (Marston & Anderson, 1913). Later, Spangler the student 
of Marston showed that flexible and rigid pipes behave differently under the load 
(Spangler, 1941). Marston-Spangler equation then was developed to predict load on 
pipe and pipe deflection. Since then, different methods of numerical and empirical 
equations have been used to investigate pipe performance over past decades. 
However, the usage of finite element methods to simulate pipe soil interaction 
problems was introduced by CANDE in 1976 and Heger in 1985 (Heger et al., 1985; 
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Katona, 1978). Since then, many numerical analyses were performed to investigate 
buried pipe response using finite element methods. In the following sections some 
recent experimental and numerical case studies of pipe soil interaction are presented. 
This section is followed by those case studies investigating impact of stabilization on 
pipe response. 
2.5.1 Experimental Case Studies 
Large scale testing of buried pipes is a useful method to evaluate the response of 
pipe and soil under different conditions. Rogers in 1995 designed a laboratory facility 
to investigate the installation procedure on performance of 100 to 375 mm diameter 
pipes (Rogers, 1995). After analysing different installation methods, they found that 
different installation can reduce pipeline costs. Faragher in 1997 performed a full scale 
controlled field test to analyse the behaviour of embedded flexible pipe under 
repeated load. Pipe diameter was between 600-1050 mm and the results showed that 
the impact of cycles is more significant in the beginning of test. In one of the 
experimental researches the response of buried pipe in granular backfill was 
investigated by Don. A flexible pipe was subjected to construction traffic as a static 
load. Results were compared with numerical analysis. They developed a preliminary 
simple expression for estimating pressure on pipe. In another study, the behaviour of 
pipe in a large scale soil chamber under cyclic load was investigated. Ko in 2010 
investigated the performance of surrounding soil and distribution of acting stress on 
the pipe was measured using load cells installed on PVC pipe. A schematic diagram 
of the test tank used in their project is shown in Figure 2-20-a and their results are 
illustrated in Figure 2-20-b. It was found when pipe was buried in loose sand, it had 
larger deformation than those in dense backfill. In addition, lateral stress and pipe 
displacement in the horizontal direction in dense sand is relatively small because of 
lateral confinement of backfill. The behaviour of a HDPE pipe buried in a sandy soil 
under cyclic load was investigated using experimental approach by Moghaddas 
Tafreshi (Moghaddas Tafreshi & Khalaj, 2011). After running the tests, a nonlinear 
regression model was developed to calculate soil surface settlement and pipe crown 
displacement based on soil density, burial depth variation and stress. It was found 
that burial depth, magnitude of surface pressure and soil density dramatically affects 
pipe behaviour. 
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(a) 
(b) 
Figure 2-20 (a) Schematic diagram of the test box and loading system of pipe (b) 
stress distribution on pipe in vertical direction (Ko & Kuwano, 2010) 
Figure 2-21-a and b illustrate the results of a research carried out by 
Moghaddas Tafreshi to investigate the impact of various parameters on buried pipe 
response. The results from this research showed that increasing the burial depth 
leads to an increase in Soil Surface Settlement (SSS) and a decrease Vertical 
Diametral Strain of pipe (VDS). Soil density also had a significant impact on pipe 
deflection and soil surface settlement. The response of very flexible pipe in an 
experimental and numerical research was investigated using centrifuge equipment 
and finite element model. Pipe was buried in a shallow burial depth and impact of 
surface loading on pipe was investigated. Plaxis was used to simulate three 
dimensional model and load was applied in a static form in both experimental and 
numerical model. Results showed that maximum hoop stress decreases with the 
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height of soil cover. The results obtained through two methods were compared and 
showed a good agreement (Bryden et al., 2015) 
(a) (b) 
Figure 2-21 (a) Variations of the pipe deflection of buried pipes during repeated 
load, (b) variations of the soil surface settlement during repeated load (Moghaddas 
Tafreshi & Khalaj, 2011) 
2.5.2 Numerical Case Studies 
In general, soil-pipe interaction problems are statically indeterminate and using 
numerical modelling allows assessing the effect of a wide range of variables 
efficiently. Many researches have investigated the response of buried flexible pipe 
under different loading condition during recent years. However, despite numerous 
researches on buried pipe performance under various conditions, the research effort 
on pipeline behaviour due to traffic loads is limited. In the research carried out by Leng 
the effect of cyclic load on characteristics of geogrid-reinforced aggregate was 
analysed using laboratory testing and finite element analyses using ABAQUS (Leng, 
2003). Soil was assumed to behave as an elasto-plastic model, Drucker-Prager with 
hyperbolic yield surface. In this research degradation was related to base layer 
thickness and base layer/geogrid interaction. The results of experimental and 
numerical analysis were found to be consistent. It was also concluded that 
geosynthetics improves model performance and decreasing stresses at interface and 
subgrade layer.  
In another research carried out by Kang the effect of pipe installation was 
studied on a deeply buried steel pipe (Kang et al., 2008). They used ABAQUS to 
model buried pipe and Ducan and Sleig’s nonlinear model was used to model clay 
and sand behaviour. Based on the static analysis results, deflection of pipe was 
affected by the ratio of depth to pipe diameter, see also (Abo-Elnor et al., 2004; 
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Calvetti et al., 2004; Chatterjee et al., 2013; Farhadi Hikooei, 2013; Kang et al., 2008; 
Liu et al., 2010; Rajeev & Kodikara, 2011; Trautmann & O'Rourke, 1985; Zaman et 
al., 1984). In a research carried out by Abolmaali the effect of various parameters on 
pipe-soil interaction using ABAQUS was investigated (Abolmaali & Kararam, 2010). 
Soil and pipe mesh element in a 3D modelling were selected as eight-nodded linear 
brick (C3D8R) and six-nodded linear triangular prism (C3D6) to model concrete pipe 
as shown in Figure 2-22. It was concluded that the bedding material stiffness and the 
compaction levels have higher impact on the induced stresses than bedding 
thickness, see also (Abolmaali & Kararam, 2010; Jung et al., 2012; Lee., 2010). In a 
numerical and experimental investigation the impact of moisture on a pipe buried in 
swelling soil was investigated (Rajeev & Kodikara, 2011). They used FLAC software 
to model buried pipe model. Soil was modelled as nonlinear material with Mohr 
Coulomb failure criteria and pipe was assumed to behave linearly. Based on the 
proposed model the deflection of pipe due to moisture content can be predicted taking 
into consideration the capillary rise. In another numerical and experimental research 
the impact of cyclic load on permanent deformation of a road over a buried pipe was 
investigated (Cao et al., 2016). In this research ABAQUS was used for numerical 
modelling and a steel reinforced high density polyethylene pipe was used in sandy 
soil in a large scale tank for experimental investigations. Surface deformation of road 
was predicted using mechanical empirical model. In addition, results showed that 
increasing burial depth decreased road permanent surface settlement.  
Figure 2-22 Modelling buried pipe in finite element with different pipe lengths in 
ABAQUS (Abolmaali & Kararam, 2010) 
2.5.3 Stabilization Impact on Pipe Performance 
Some studies have been carried out to investigate the impact of mechanical 
stabilization on buried pipe response. Karimian carried out a research to investigate 
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the response of buried pipe subjected to transverse ground movement as shown in 
Figure 2-23-a (Karimian, 2006). Both experimental and numerical methods were used 
to study buried pipe behaviour. The impact of single and dual-geosynthetics lined 
trench material were investigated in reducing pipeline strain and lateral soil pressure. 
Large scale test setup and a 2-D plane strain model in FLAC was developed to 
capture the impact of dilation and soil stress distribution in the model. It was found 
that the lateral soil pressures in this method were generally lower than those 
estimated from existing guidelines. In addition to friction between geosynthetics and 
steel pipe, the relative stiffness between pipe and soil is the major factor in reducing 
the lateral soil pressure. Tavakoli studied the impact of adding rubber and geocell to 
soil on buried pipe response (Tavakoli Mehrjardi et al., 2012) as shown in Figure 2-23-
b. For the chipped rubber and soil mixture, the pipe has the highest strains under the
cyclic loading regardless of the amount of rubber in the soil. According to the results,
the minimum soil surface settlement and vertical diametric strain are provided by
using 5% of shredded rubber. In another experimental research the impact of adding
geosynthetics on buried pipe behaviour under repeated load and soil surface
settlement was investigated (Moghaddas Tafreshi & Khalaj, 2008) as shown in
Figure 2-23-c. They found adding geosynthetics significantly improved pipe
behaviour. The impact of adding geosynthetics and mechanical stabilization of road
material was investigated numerically as well. Tavakoli carried out an experimental
and numerical research on buried pipe subjected to cyclic load while trench was
stabilized with geocell and rubber/soil mixture. They used the finite element software,
FLAC-3D for their analysis and pipe was buried in a large scale tank. Pipe material
was assumed to be linear elastic and soil was assumed to be elastic perfectly plastic
with Mohr Coulomb model criterion. The results showed that combined use of geocell
and rubber mixture can reduce soil surface settlement and pipe deflection while
providing a secure condition under repeated cyclic load (Tavakoli Mehrjardi et al.,
2016). However, there is lack of research in numerical or experimental researches
investigating the behaviour of buried pipe under traditionally stabilized soils
.
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(a) 
(b) 
(c) 
Figure 2-23 Examples of stabilization to improve buried pipeline behaviour 
using (a) geosynthetics (b) rubber (c) combined geocell reinforcement and rubber 
soil mixture (Tavakoli Mehrjardi et al., 2016, Karimian, 2006)(Moghaddas Tafreshi & 
Khalaj, 2008) 
KNOWLEDGE GAPS AND RESEARCH NEEDS 
From the literature review the following conclusions can be made: 
• Investigating impact of various design loads on performance of a buried pipe
subjected to traffic load to identify the values with highest contribution on buried
pipe performance is needed.
• The majority of previous studies are limited to either experimental or numerical
analysis. Performing experimental and numerical simulations together to
investigate the model response under various conditions needs to be done.
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• Fatigue is one of the reasons of buried pipe failure which can result in soil
loosening and pipe breakage.
• Design methods of earth pressure acting on pipe do not consider the impact of
degradation and strength loss of soil around the pipe.
• Number of numerical or experimental researches investigating behaviour of buried
pipe under traditional stabilizations is limited.
From abovementioned remarks, an experimental and numerical study 
investigating the impact of cyclic load on pipe soil behaviour is needed. The study 
should include the following aspects: 
• A parametric study and sensitivity analysis should be carried out to investigate the
impact of various factors on a buried pipe response subjected to traffic load.
• Experimental study has to be done to evaluate the impact of cyclic load on pipe
soil interaction. A numerical simulation will be performed to better understand the
behaviour of pipe under traffic load
• The impact of cement stabilization of trench material will be investigated on
performance of the model.
• Finally, the study should be extended to develop equations to investigate the
relationship between various variables.
 The methodology of this research is illustrated as a flowchart in Figure 2-24. 
It can be seen that flowchart initially starts with a numerical parametric study to see 
how sensitive the model is to any factor. This section will be described in Chapter 3. 
The impact of the most sensitive factors from sensitivity analysis results will be 
investigated in the next phase of this research both numerically and experimentally. 
Suitability of equipment and software to investigate model response due to traffic will 
be investigated in Chapter 4. The next step is providing correct material properties. 
Material properties will be investigated through experimentations and presented in 
Chapter 5. The next part of flowchart shows the experimental and numerical results 
and the description of possible scenarios for each method which will be discussed in 
Chapter 6. As shown, flowchart ends with investigating the impact of various factors 
and developing equations to predict the model response which will be discussed in 
Chapter 7.  
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Figure 2-24 Methodology and analysis procedure in the current research 
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SUMMARY OF THE CHAPTER 
In this chapter literature was reviewed for the studies conducted on pipe soil 
interaction under cyclic load. In the first section, an introduction and a background 
about pipeline applications and its significant role in any modern society was 
explained. In the second section, the theory behind the design of buried pipes and the 
development through the past few decades were presented. In the third section, 
different failure modes of pipeline specifically in onshore applications were discussed. 
In the following section, different methods to reduce pipeline failure under road 
surfaces such as stabilization application were discussed. Then factors affecting pipe 
degradation and degradation definition were described briefly. In the fifth section, 
some of the recent experimental and numerical studies dealing with pipe soil 
interaction analysis were reviewed. Then, number of case studies investigating impact 
of either mechanical or traditional stabilization on pipe soil response was presented. 
In the last section, based on the reviewed studies, research gaps were identified and 
the proposed study to investigate pipe soil behaviour under cyclic load was presented. 
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3 A NUMERICAL PARAMETRIC 
STUDY ON BURIED PIPE 
PERFORMANCE SUBJECTED TO 
VARIOUS LOADING CONDITIONS 
Some parts of this chapter was published and presented as a conference paper with 
the title of “Finite Element Analyses of Buried Pipeline Subjected to Live Load Using 
ABAQUS” at Proceedings of the 68th Canadian Geotechnical Conference, GEO 
Quebec-2015, September 20-23, 2015, Quebec City, Canada; The authors are 
Ahdyeh Mosadegh, Hamid Nikraz 
INTRODUCTION 
In this chapter a numerical parametric study is conducted to investigate the behaviour 
of buried pipe subjected to traffic load taking into consideration the effect of different 
factors. These factors include burial depths of pipe, pressure magnitude, width of 
loading area, internal pressure, pipe-soil interaction properties, pipe material and 
boundary conditions at the pipeline ends. These factors were selected to be 
investigated based on literature review which can affect a buried pipe response under 
roads. The effect of these factors will be analysed due to change in pipe deflection, 
soil surface settlement, and stress distribution in pipe wall as well as earth pressure 
on pipe crown. The parametric study will be followed by sensitivity analysis of buried 
pipe model to investigate how sensitive the model is due to change of each above 
mentioned factor.  
39 
This chapter is presented in four sub-sections. Firstly, following the 
introduction of parametric study beginning with problem statement, material property 
and stage of analysis are presented. Then, the results of pipe response due to various 
parameters are discussed and graphs are presented. In the third section, sensitivity 
analysis is presented and the effect of each factor on model response is identified and 
results are presented. In the last section, results and findings from this chapter are 
discussed and the factors which have the highest impact on model response are 
identified. An overview of this chapter is presented in Figure 3-1 . 
Figure 3-1 Chapter overview 
PARAMETRIC STUDY 
In this section a numerical parametric study is performed to investigate the impact of 
various factors on buried pipe response using nonlinear finite element code ABAQUS 
(ABAQUS, 2013). The aim of this study is determining the sensitivity of model to each 
parameter. The chosen parameters are burial depth, surface load, loading area, pipe 
soil interaction value, internal pressure, pipe wall thickness and boundary condition. 
Results will be presented in terms of impact on pipe deflection, soil surface settlement, 
stress in pipe wall and maximum earth pressure on pipe. The reasons of choosing 
these four factors to be investigated are as follow. The vertical pipe deflection is 
frequently used as a design criterion in many projects. Soil surface settlement is a 
good indication of the overall strength of system over the pipeline. Earth pressure and 
stress in pipe are important factors in pipeline design because they can cause pipe 
deflection or failure.  
3.2.1 Problem Statement 
The problem statement involves a 1m diameter pipe buried in sandy backfill 
material subjected to traffic load. Eight investigating cases consisting of 30 
numerical models are investigated and are summarised in Table 3-1. The overview 
of model is also presented in Figure 3-2 illustrating each term definition. All cases 
Parametric study on 
buried pipe
3.2
Sensitivity analysis
3.3 
Conclusions
3.4
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are categorised into standard and nonstandard cases. The standard case consists 
a steel pipe with a thickness of 5 cm, burial depth of H equal to D, surface 
pressure of 550 kPa and α equal to 2D in which α is width of loading area as illustrated 
in Figure 3-2 . A full- bonded interaction without considering internal pressure was 
also chosen for this case. For example, Case I investigates the impact of six different 
burial depths on performance of a steel pipe without any fluid inside. Pipe thickness 
is 5 cm and loading area is α=2D. It is noted burial depth varies between 1 and 5D. 
The reason of not considering H >5D is based on Boussinesq bulb curves as shown 
in Figure 3-3 (Boussinesq, 1885). The contour labels represent percentages of the 
applied pressure due to footing load. It can be seen that only 5% (0.05p) meets the 
vertical centre line at a depth of about 5B; and almost the 30% contour (0.3p) is at a 
depth of just less than 2B which means the impact of the live load is more critical for 
H<2B. In this figure B represents width of loading area. It is noted D and B have the 
same values in the current research. All results will be presented later and compared 
with the results published in the existing literature. It is noted soil material property 
and trench width remain unchanged during analysis. 
Table 3-1 Different cases for pipe-soil interaction investigation 
Case no. Investigating factors Value 
Case I Burial depth, H/D 1, 1.5, 2, 2.5, 3.5, 5 
Case II Surface pressure, P 200, 400, 550, 700 kPa 
Case III Loading area, α/D  0.5, 1, 2 
Case IV Internal pressure, P’ Without fluid, water: 414 kPa, gas: 7500 kPa 
Case V Interaction coefficient 0.1, 0.3, 0.5, 0.7, 0.9, Full bonded 
Case VI Material property type HDPE, Steel, PVC 
Case VII Wall thickness, t  2, 5, 10 cm 
Case VII Boundary condition Hinged, roller 
Figure 3-2 Schematic view of model in the current research 
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Figure 3-3 Pressure bulb beneath square and strip footing (Boussinesq, 
1885; Bowles, 1988) 
3.2.1.1 Material properties 
Two types of soil and three types of pipe are used to predict live load effects on pipe-
soil behaviour. The backfill soil is modelled as an isotropic elasto-plastic material 
satisfying the Drucker-Prager failure criterion with properties illustrated in Table 3-2. 
Soil properties are adopted from Helwany (Helwany, 2007).  
Table 3-2 Backfill soil properties (Helwany, 2007) and granular soils 
Type of soil Term Value 
Backfill soil Density (Kg/m3) 1920 
Young’s modulus, E (MPa) 18 
Poisson ratio (ν) 0.28 
Cohesion, d, (kPa) <1 
Friction angle,β (2D) 48.5o 
3-D  55.7o 
Dilation angle, ψ 12o 
Flow stress ratio, K 1 
Granular soil Density (Kg/m3) 2000 
Young’s modulus, E (MPa) 3000 
Poisson ratio (ν) 0.35 
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Table 3-3 Material properties of pipes 
Parameters Steel pipe HDPE pipe PVC 
Density (Kg/m3) 7850 955 1350 
Young’s modulus, E (MPa) 200X103 816 4000 
Poisson ratio (ν) 0.3 0.46 0.4 
Yielding stress (MPa) 490 23 25 
3.2.1.2 Boundary conditions and finite element mesh 
Due to the long length of pipe compared to its diameter, the system can be modelled 
assuming plane strain conditions. The X-Y plane is the area where the soil is 
subjected to various loads, e.g. positive direction for Y is opposite direction of the 
weight. For boundary conditions, both vertical sides of the model are fixed in a 
horizontal direction with vertical displacement, and the bottom of the model is fixed in 
both vertical and horizontal directions. Due to symmetry, only half of model is created 
in ABAQUS. In all models, the mesh is refined near the pipe and in areas with stress 
concentration around the pipe as shown in Figure 3-4.  
Figure 3-4 Finite element discretization and boundary condition selection of the 
model (2D) 
Trench width should be the greater of 1.5 times of the pipe outside diameter (1 m) 
plus 305 mm or the pipe outside diameter plus 406 mm (AASHTO, 1998). Trench 
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width therefore is considered 2 m. Pipe and soil elements are modelled as CPE4R or 
4-node bilinear plane strain quadrilateral with reduced integration.
To achieve the reasonable number of meshes, mesh convergence study is 
carried out and various models consisting of 170, 450, 740, 1100 and 1500 element 
numbers are created and subjected to the same amount of surface pressure on top 
of the soil surface. Three of all five investigating models are illustrated graphically in 
Figure 3-5. Results of mesh convergence study are shown in Figure 3-6. The results 
illustrate the number of meshes versus various parameters such as soil surface 
settlement, stress in pipe wall and pressure on pipe crown due to 550 kPa of traffic 
load on soil surface (standard case condition). It can be seen that the model with 1100 
meshes is accurate enough for this study as elements are small enough for the 
numerical analysis of this research. More number of meshes needs more running time 
for each model and less number of meshes results in bigger element and less 
accurate results. 
Figure 3-5 Models for mesh convergence study 
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Figure 3-6 Impact of number of meshes on(a) soil surface settlement (b) stress in 
pipe (c) earth pressure on pipe 
It is noted that analysing pipe soil behaviour using plane strain conditions 
should be carried out with caution as any existing infrastructure along the pipeline 
path can change the boundary conditions from roller to the hinge causing significant 
changes in both stress and displacement along the pipeline. For this purpose and to 
compare the effect of boundary conditions, a 3D model is also built to analyse how 
boundary conditions affect the stress and displacement distribution along the pipeline. 
Two types of boundary conditions at the end of pipeline are selected, roller and hinge 
representing infinite and finite length of the buried pipeline, respectively. As suggested 
in many standards for three-dimensional analysis, pipe elements are modelled as a 
series of shell elements. Three-dimensional brick elements are used to simulate the 
surrounding soil (C3D8R) and four-node reduced-integration shell elements (type 
S4R) are used for the pipe, as shown in Figure 3-7.  
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Figure 3-7 Finite element discretization and boundary conditions (3D model) 
(Mosadegh. & Nikraz., 2015) 
3.2.1.3 Interaction 
For both 2D and 3D model and from different contact models in ABAQUS, surface-to-
surface interaction is chosen to model the interaction between soil and pipe. It is noted 
that the interaction between pipe and soil has two components, one is perpendicular 
to the surface and the other is tangential to the surface. The friction coefficient 
between the pipe and soil is assumed to vary from 0.1 to 1. For this case or for 
tangential contact, separation is allowed after contact and slipping is allowed during 
analysis. Hard contact is chosen for the normal direction, meaning there is pressure 
only when there is contact. To define the interaction in ABAQUS, the pipe element is 
chosen as the master surface with a stiffer body, and the soil as a slave surface with 
more refined meshes (King & Richards, 2013). To avoid convergence difficulties, an 
asymmetric solver matrix is used to solve the problem. To avoid the penetration of the 
master surface nodes into the slave surface, the slave surface mesh is refined. It is 
worthy to mention that the benefits of choosing this type of interaction is reducing 
likelihood of large localized penetrations and snagging, improving accuracy of contact 
stress. For all models except those investigating the impact of interaction coefficient 
value on model response, a fully bonded interface between the pipe and wall and the 
backfill material was assumed. This interface is simulated using surface tie feature in 
ABAQUS.  
Boundary condition 
Shell elements (S4R) 
Brick elements (C3D8R) 
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Slave surface
Master surface 
Figure 3-8 Master and slave surface representing pipe-soil interaction 
3.2.1.4 Stage of analysis 
For both 2D and 3D simulations, the model is created in four steps. In the first step 
which is the initial condition, all boundary conditions are defined as described 
previously. In the next step, a geostatic step is applied in which a gravity load is 
applied to the model. In the third step, pipe and pipe-soil interaction are activated and 
the pipe weight is applied to the model. Pipe elements are reactivated during this step 
allowing movement in a vertical direction. In the last step, traffic load is applied to the 
soil surface in the trench exactly on top of the pipe. In addition, when considering the 
effect of internal pressure, fluid pressure is applied to the pipe’s internal walls during 
last step as shown in Figure 3-9.  
Figure 3-9 Body force, traffic and liquid pressure 
3.2.2 Results 
The following section presents the results of numerical analysis along with 
discussions highlighting the effect of different factors on buried pipeline behaviour. 
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For all cases the study investigates the effect of various factors affecting model 
response summarized in Table 3-1. All cases are analysed in plane strain condition 
except for those cases considering impact of boundary condition. One case is 
considered as standard case and in addition to that case, 29 more cases are 
investigated with only one parameter different from the standard case. For example, 
for the case of considering impact of surface pressure, the case consists of a steel 
pipe at the depth of H=1D, with a full-bond interaction, shell thickness of 5 cm without 
any fluid inside the pipe. For this investigation, surface pressure changes from 200, 
400, 550 to 700 kPa. All results are presented in the following sections and verified 
against predictions published in the existing literature. Results are presented in terms 
of impact on pipe deflection, soil surface settlement, stress in pipe wall and maximum 
earth pressure on pipe. 
Validation - Comparison with empirical method 
First the finite element model is validated considering vertical stress variation on pipe. 
The validation of pressure on pipe crown is performed through comparing numerical 
results with empirical. Based on Marston theory presented in Chapter 2 the pressure 
on a buried pipe in a semi-infinite elastic medium due to concentrated load at soil 
surface can be calculated. In addition, Boussinesq developed another equation which 
is shown in Equations 3-1 to calculate pressure in depth. 
𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑑𝑑+𝑃𝑃𝑡𝑡 = 𝛾𝛾𝐻𝐻 + 𝑊𝑊𝐻𝐻2 3-1
In the above equation, Ptotal is sum of the dead load and live load pressures. 
Dead load pressure, Pd, is a function of the density of the soil and soil depth, H. Live 
load pressure or Pl is a function of W representing wheel load, H representing soil 
depth cover and L is the width of loading or the tyre imprint (Moser, 2001). A standard 
HS-20 truck is assumed to apply a uniform contact pressure of 750 kPa on a road 
surface to simulate a highway load of a 20-ton truck (Austroads, 2012). If a 5 cm layer 
of asphalt is taken into consideration, the maximum applied stress on the soil surface 
would be reduced to 550 kPa. W in above equation is a concentrated load due to soil 
surface pressure of 550 kPa over the length of B=50 cm considering each wheel has 
imprint length of 50 cm or 20 inch (AASHTO, 1998). A comparison of two methods, 
i.e., the empirical and finite element is presented in Figure 3-10. Overall, the results
obtained using two methods are consistent and both graphs follow the same pattern.
Similar results from literature are also presented in Figure 2-7 in the previous chapter
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in which the impact of live load due to truck was calculated using same method. 
However, results in Figure 3-10 shows that the vertical pressure on the pipe is almost 
higher using the finite element method for shallower depths, compared to the 
empirical solution. This difference can be due to the different assumptions made in 
two methods. For example, in the empirical method soil is assumed to be elastic while 
in the finite element method, soil shows elasto-plastic behaviour. In addition, the effect 
of lateral earth pressure is not considered in the empirical method, while in nature and 
in the finite element method, soil is not classified as an isotropic and homogenous 
material. In the following section, the impact of each factor on model response is 
investigated and results are presented in the following sections.  
(a) 
(b) 
Figure 3-10 (a) Graphic view of pipe and soil subjected to live and dead load based 
on (ASCE, 2009) (b) comparison of two methods and validation of finite element 
method  
3.2.2.1 Burial depth effect 
In this section, the effect of burial depth on a steel buried pipe with surface pressure 
550 kPa is investigated. The effect of burial depth variations on pipe deflection, soil 
surface settlement, stress in pipe wall and pressure on pipe crown is studied. In these 
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cases, the interaction between pipe and surrounding soil is fully bonded and there is 
no fluid in the pipe and loading area is at maximum or α=2D. Typical contour plots for 
predicted model are presented in Figure 3-11. It should be noted that output variable 
U illustrates the displacement of nodes in mm or soil surface settlement. The figures 
are relevant to burial depths of 1, 1.5 and 3.5 D. It can be seen that increasing burial 
depth increases soil surface settlement. The reason can be due to compressibility of 
soil above the pipe crown. With increasing the embedment depth, the thickness of the 
compressible layer over the pipe would increase. It means that the more the burial 
depth is, the higher total void above the pipe is. In addition, with increasing burial 
depth, pipe deflection decreases. 
Results of burial depth impact on pipe deflection, soil surface settlement, 
stress on pipe wall and earth pressure on pipe crown are presented in Figure 3-12-a 
to d. Overall, for a burial depth of H/D=1, surface settlement is at its minimum, and 
increasing H/D increases soil surface settlement. Pipe deflection, stress on pipe wall 
and earth pressure on pipe crown is maximum when burial depth is minimum. In 
addition, the impact of burial depth in reducing pipe deflection, increasing soil surface 
settlement, and reducing stress and pressure on pipe is less significant for H>2.5D. 
Figure 3-12-a illustrates the crown deflection of the pipe at six different burial depths 
under surface pressure of 550 kPa. It can be seen that increasing burial depth from 
H/D=1 to H/D=5, decreases pipe deflection from 0.05% to 0.02%. The impact of 
change in burial depth on soil surface settlement is illustrated in Figure 3-12-b. It is 
evident when burial depth is minimum, soil surface settlement is minimum. With 
increasing depth of embedment from 1 to 5, the surface settlement increases from 7 
to 10 cm. As mentioned above this can be due to compressibility of soil above the 
pipe crown and increasing the burial depth, the thickness of the compressible layer 
over the pipe increases and soil settles more. Change in stress on pipe wall is 
illustrated in Figure 3-12-c. As illustrated, stress on pipe is maximum when burial 
depth is minimum. The impact of burial depth on earth pressure on pipe crown is 
illustrated in Figure 3-12-d. As shown, increasing burial depth from 1 to 5 reduces 
earth pressure on pipe from 250 to 100 kPa. It means the impact of live load is more 
important for pipe buried in shallower depths. These results are consistent with results 
obtained in literature. In the study conducted by Moghaddas the behaviour of a buried 
pipe was investigated under cyclic load using an experimental approach (Moghaddas 
Tafreshi & Khalaj, 2011). The result of this research showed that increasing burial 
depth leads to an increase in soil surface settlement and a decrease in pipe deflection. 
However, in that research impact of burial depth on other factors such earth pressure 
on pipe and stress on pipe has not investigated.  
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(a) 
(b) 
(c) 
Figure 3-11 Impact of burial depth on soil surface settlement contours (a) H=1D (b) 
H=1.5D (c) H= 3.5D 
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Figure 3-12 Burial depth impact on (a) pipe deflection (b) maximum soil surface 
settlement (c) maximum stress in pipe (d) maximum earth pressure on pipe 
3.2.2.2 Effect of surface pressure 
The effect of surface pressure on pipe-soil interaction and soil surface settlement was 
analysed and results are discussed in this section. To investigate the influence of 
surface pressure, the numerical model was executed with full-bonded interface and 
maximum loading area with burial depth of H=1D under surface pressures of 200, 
400, 550, and 700 kPa. The results are presented in Figure 3-13.  
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Figure 3-13 Surface pressure impact on (a) pipe deflection (b) maximum soil surface 
settlement (c) maximum stress in pipe (d) maximum earth pressure on pipe 
The results indicate that increasing surface pressure increases pipe 
deflection, soil surface settlement, stress in pipe wall and pressure on pipe crown as 
expected. For example, increasing traffic load from 400 to 700 kPa leads to increase 
in pipe deflection from 0.032 to 0.08; soil surface settlement from 5 to 9.5 cm, stress 
on pipe wall from 950 to 1400 kPa and increase of earth pressure from 165 to 320 
kPa. It means increasing surface pressure by 75%has an important impact on 
observed value and leads to 150% increase of pipe deflection, 90% increase of soil 
surface settlement, 47% increase of stress in pipe and 93% increase of earth pressure 
on pipe. The impact of load on pipe deflection and soil surface settlement was studied 
in a research performed by Moghaddas (Moghaddas Tafreshi & Khalaj, 2011). The 
results in this research are consistent with those reported by Moghadas Tafreshi. In 
this research, impact of loading surface variation on other factors such as stress on 
pipe and earth pressure variations has not been studied and the pipe type was flexible 
HDPE. 
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3.2.2.3 Effect of loading area 
 The effect of loading area on pipe-soil interaction is analysed in this section. α/D has 
the value of 0.5, 1 and 2 in which D is diameter of pipe as illustrated earlier in 
Figure 3-14. Selecting of α is related to the vehicle load for simulating traffic on the 
road and this factor depends on traffic flow and road usage. For example when an H-
20 loading is designed to simulate a highway load of a 20-ton truck, the concentrated 
load is applied on two 18-in by 20-in areas (45 by 50 cm). This means for a 20-ton 
truck load over a one-meter diameter pipe, the α/D will be 0.5.  
The influence of loading area was analysed and results are illustrated in this 
section. Increasing loading area from 0.5 to 2 increases pipe deflection from 0.018% 
to 0.057%, increases soil surface settlement from 3 to 7 cm, increases pipes stress 
from 680 to 1200 kPa and increases earth pressure from 100 to 250 kPa as shown in 
Figure 3-14-a to d, respectively. Overall increasing loading area from 0.5 to 2 leads 
to increase of 217%, 133%, 150% and 76% in the pipe deflection, soil surface 
settlement, stress in pipe and pressure on pipe respectively.  
Figure 3-14 Loading area impact on (a) pipe deflection (b) maximum soil 
surface settlement (c) maximum stress in pipe (d) maximum earth pressure on pipe 
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3.2.2.4 Effect of internal pressure 
This section investigates the performance of buried pipelines subjected to a surface 
load with regard to internal pressure effect. It was assumed that the same nominal 
pipe diameter of 1 m is positioned at the shallowest depth of H/D=1 and is subjected 
to 550 kPa surface pressure. The influence of internal fluid pressure was investigated 
under a surface pressure of 550 kPa. It was assumed that the fluids in the pipe are 
water and gas which induce internal pressures of 414 and 7500 kPa, respectively. 
The effect of three different internal pressures on crown deflection, soil surface 
settlement, pressure on pipe wall and maximum earth pressure on pipe was 
investigated. It should be noted that thickness of steel pipe has been increased to 10 
cm to apply gas pressure on shallow burial depth because the calculations were 
stopped due to failure of pipe with thickness of 5 cm. Pipe thickness should be chosen 
on the basis of internal pressure, and then an engineering analysis is made to ensure 
the chosen pipe will withstand the external loads (Moser, 2001). 
The results of internal pressure impact on pipe deflection variation are 
illustrated in Figure 3-15-a. It can be seen from the figure that deflection of an empty 
pipe is 0.047% while after applying internal pressure of water and gas this value 
decreases to 0.045% and 0.04%, respectively. Applying internal pressure, however, 
reduces soil surface settlement. The surface settlement drops from 6.85 cm to 6.45 
cm as shown in Figure 3-15-b illustrating 6% decrease in surface settlement which 
means impact of internal pressure on soil surface settlement is not significant. 
Applying internal pressure in pipe leads to an increase of stress on pipe from 600 to 
1200 kPa on pipe crown or 100% increase in stress on pipe wall. According to the 
diagram, applying internal pressure causes an increase in the maximum stress value 
in pipe. The higher the internal pressure is, the higher the stress on the pipe occurs 
as illustrated in Figure 3-15-c. The stress distribution impact of internal pressure on 
earth pressure on pipe is shown in Figure 3-15-d. As shown in the graph, earth 
pressure on pipe increases from 350 to 400 kPa or 14% increase in earth pressure 
on pipe.  
These results are consistent with the results found by Shaalan. In their 
research the effect of three fluid pressures on steel pipeline was investigated using 
PLAXIS 2D program software (Shaalan, 2014). They concluded that increasing the 
internal pressure leads to a decrease in pipe crown displacement for shallower burial 
depths H/D≤3 although this decrease was not significant. In this research, however, 
impact of internal pressure variations on other factors such as surface settlement or 
stress on pipe has not been investigated. 
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Figure 3-15 Effect of internal pressure on (a) vertical crown deflection (b) soil 
surface settlement (c) maximum stress in pipe (d) maximum earth pressure on pipe 
Impact of internal pressure on stress distribution along pipe is graphically 
illustrated in Figure 3-16. As shown in Figure 3-16-a, when there is no fluid the 
maximum stress in pipe is happening at spring-line of pipe. However, maximum stress 
happens on invert and crown of pipe when considering the impact of internal pressure 
as illustrated in Figure 3-16-b and c. This shows stress distribution pattern is very 
different for pipe with or without fluid pressure.  
Stress distribution along pipe circumference for two cases of pipe without fluid 
is illustrated in Figure 3-17. As shown in the graph, the maximum stress happens in 
the middle part of pipe when there is no fluid. The minimum stress happens in the 
middle part of pipe when considering the impact of fluid. However maximum stress is 
happening at pipe invert while there is internal pressure and minimum stress at the 
same position when there is no internal pressure.  
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(a) (b) 
(c) 
Figure 3-16 Internal pressure effects on pipe displacement (a) without fluid 
(b) water pressure (c) gas pressure
Figure 3-17 Change in stress distribution at the pipe interface due to fluid pressure 
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3.2.2.5 Effect of friction coefficient 
To investigate the impact of interaction coefficient value on model response, the 
numerical model was executed with different interaction coefficient of 0.1, 0.3, 0.5, 
0.9 and full-bonded interaction. Results indicate that friction coefficient variation has 
minor effect on pipe deflection. As illustrated in Figure 3-18-a pipe deflection is not 
affected by interface conditions significantly. Pipe deflection drops from 0.055% for 
friction coefficient of 0.1% to 0.051% for a full-bonded case. Increasing interaction 
coefficient reduces soil surface settlement although this reduction is negligible. As 
shown in the graph, soil settlement drops from 7.6 cm for friction coefficient of 0.1 to 
7 cm for full-bonded interaction. Stress in pipe also is reduced with increasing 
interaction coefficient and it drops from 2000 to 1100 kPa with increasing the 
interaction coefficient from 0.1 to full-bonded interaction. And finally maximum earth 
pressure on pipe decreases from 350 to 260 kPa with increasing friction coefficient 
from 0.1 to fully bonded interaction.  
Figure 3-18 Effect of friction coefficient on (a) vertical crown deflection (b) 
soil surface settlement (c) maximum stress in pipe wall (d) maximum earth pressure 
on pipe 
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The results of pipe deflection are consistent with the results from another study 
in which the effect of interaction on deflection of a concrete pipe was investigated 
using ABAQUS (Kararam, 2010)  . It was shown in that study that increasing friction 
coefficient from 0.1 to 0.9 leads to decrease in pipe deflection although this decrease 
was too small. The impact of other parameters was not investigated in their study. 
To compare the effect of interface conditions along pipe boundaries, the 
influence of the friction coefficient of 0.5 is compared with those for full-bonded 
conditions and results are presented in Figure 3-19. The effect of two interface 
conditions on pipe displacement is illustrated in Figure 3-19-a. As illustrated, with 
increasing the angle from 0 to 60 degrees, pipe displacement drops from almost 5.5 
cm to 2.5 cm. After this point with increasing angle from 60o to 120o pipe displacement 
remains steady at 2.5 cm. Then by increasing the angle to 180o pipe displacement 
reduces to 1.0 cm.  
(a) 
 (b) 
Figure 3-19 Effect of interface conditions along pipe circumference on (a) pipe 
displacement (b) stress distribution  
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Overall, the pipe displacement decreases with increasing the angle. However, 
the effect of friction coefficient value on pipe deflection is higher at pipe crown. Higher 
values are observed for friction coefficient of 0.5 between 0 to 60 degrees angle from 
pipe crown. With increasing the angle along pipe circumference the gap between the 
two graphs decreases.  
The effect of interaction properties on earth pressure distribution on pipe as a 
function of angle from crown is illustrated in Figure 3-19-b. In this figure there are 
three different sections. Left and right sections demonstrate that earth pressure of full-
bonded interaction is higher than those with friction coefficient of 0.5 while in the 
middle section full-bonded interaction has a lower pressure along the pipe. It should 
be noted that interaction properties almost has no impact on earth pressure value at 
crown and invert. Results presented here have a good agreement with those 
presented by (Yoo & Kang, 2007). 
3.2.2.6 Effect of pipe wall thickness 
 This section investigates the effect of wall thickness on model response by 
considering three pipe thicknesses of 2, 5 and 10 cm. The effect of pipe thickness 
variations on pipe deflection, soil surface settlement, stress in pipe wall and pressure 
on pipe crown is studied. In these cases, the interaction between pipe and 
surrounding soil is full-bonded and there is no fluid in the pipe and loading area is at 
maximum or α=2D. Pipe also is buried at H=D under surface pressure of 550 kPa. 
Surface settlement contours for two cases of 2 and 10 cm pipe thickness are 
illustrated in Figure 3-20. According to the figures, increasing pipe thickness leads to 
decrease in soil surface settlement from 7.02 to 6.87 cm. In addition, the pipe 
deflection decreases with increasing pipe thickness.  
(a) (b) 
Figure 3-20 Surface displacement contours for two different pipe wall thicknesses 
(a) 2 cm (b)10 cm
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The impact of pipe thickness ratio on different parameters has been analysed and the 
results for different cases are illustrated in Figure 3-21. It can be seen that increasing 
pipe thickness from 2 to 5 and 10 cm reduces pipe deflection from 0.6% to 0.052% 
and 0.045%, respectively. As illustrated earlier in Figure 3-20, increasing pipe 
thickness reduces soil surface settlement. Similar results are illustrated in Figure 3-21-
b. Increasing pipe thickness from 2 to 10 cm reduces soil surface settlement from 7.55
to 6.9 cm, i.e., increasing pipe thickness by 5 times leads to 6.9% reduction in soil
surface settlement. As illustrated in Figure 3-21-c, stress in pipe due to change in wall
thickness from 2 to 10 cm leads to reduction of stress in pipe dropping from 3000 to
600 kPa. In other words, stress in pipe has 83% reduction in stress around pipe.
Increasing pipe thickness from 2 to 10 cm however increases earth pressure in pipe
from 230 to 360 kPa showing 44% increase in earth pressure due to wall thickness
increase as shown in Figure 3-21-d.
Figure 3-21 Pipe wall thickness impact on (a) vertical crown deflection (b) soil 
surface settlement (c) maximum stress in pipe (d) the maximum earth pressure on 
pipe 
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Pipe stiffness refers to the resistance to deflection. The higher a pipe's wall 
thickness, the higher is its stiffness and therefore its ability to resist external bending. 
In addition, the stiffness of the pipe and the stiffness of the soil work in together to 
resist the load from soil. Future studies however is recommended to investigate the 
association between wall thickness and earth pressure on pipe.  
The same procedure was repeated for 3D model with different element types. 
or with shell elements of S4R. The results of two pipe wall thicknesses of 5 and 10 
cm are shown in Figure 3-22 and Figure 3-23. The results of displacement and stress 
contours reveal that more displacement and stress on pipe occur when pipe has a 
smaller thickness as shown in Figure 3-22. For example, Figure 3-22-a shows pipe 
displacement for pipe thickness of 5 cm is 5.9 cm. However, this value for the 
thickness of 10 cm is 5.7 cm as illustrated in Figure 3-22-c. Figure 3-23 illustrates 
shell thickness impact stress and displacement distribution along pipe length at pipe-
soil interaction. It can be seen that maximum crown displacement and stress on pipe 
wall occur in the middle part of the pipe alignment. These values for thinner pipe is 
higher along pipe pathway and difference between the two graphs are maximum in 
the middle of pipe when maximum displacement and stress occur.  
(a) (b) 
(c) (d) 
Figure 3-22 (a) Pipe displacement for t=5 cm (b) stress in pipe for t=5 cm (c) 
pipe displacement for t=10 cm (d) stress in pipe for t=10 cm (Mosadegh. & Nikraz., 
2015) 
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Figure 3-23 Effect of shell thickness on stress and displacement distribution 
3.2.2.7 Pipe material properties 
To illustrate the impact of pipe material property on model response, three types of 
pipe, HDPE, PVC and Steel are selected and results are illustrated in Figure 3-24. As 
shown in Figure 3-24-a, replacing steel with PVC and HDPE pipe increases pipe 
deflection from 0.05 to 0.052 and 0.06, respectively. It is noted ring deflection is a 
dimensionless parameter and is a function of stiffness ratio. pipe deflection is only 
function of E/E’ ratio as all parameters except pipe properties remain unchanged. It 
should be noted that the elasticity modulus of steel is almost 250 times bigger than 
HDPE pipe. Also, the elasticity modulus of steel is 75 times that of PVC. Thus  
having lower Young’s modulus and weaker pipe leads to increase in pipe deflection 
as expected. Replacing steel pipe with PVC and HDPE increases the pipe deflection 
and soil surface settlement as shown in Figures 3-24-a and b. Stress in pipe 
decreases by replacing steel pipe with PVC and HDPE and pipe can bear less 
induced stress (Figure 3-24-c). As illustrated in Figure 3-24-d maximum earth 
pressure on pipe increases in PVC and HDPE pipes comparing to steel pipe. 
Maximum earth pressure on pipe decreases from 250 to 200 and to 170 kPa by 
changing material from steel to PVC and from steel to HDPE pipe, respectively.  
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Figure 3-24 Material property impact on (a) vertical crown deflection (b) soil 
surface settlement (c) maximum stress in pipe (d) maximum earth pressure on pipe 
These results are consistent with the results achieved by other researchers in 
the literature (Cao et al., 2016). They investigated the impact of concrete and high 
density polyethylene on soil surface settlement and it was shown in their experimental 
and numerical analysis that pipe type has an impact on soil surface settlement. 
However, they did not consider the impact of pipe type on stress distribution.  
The impact of pipe material on pressure distributions is investigated in this 
research and results are shown in Figure 3-25. It can be seen that maximum earth 
pressure occurs in the middle part of pipe or between 60 and 120 degrees from the 
crown. On the crown however, earth pressure on pipe is maximum for steel and 
minimum for HDPE. Results also show that the variation of earth pressure along pipe 
circumference is maximum for HDPE pipe and minimum for steel pipe. For example, 
the earth pressure on pipe varies between 100 to 350 kPa for HDPE pipe and between 
170 to 240 kPa for steel pipe. In a buried situation, the stiffness of the pipe and the 
stiffness of the soil work in together to resist the load from soil. Thus, a HDPE pipe 
with a lower stiffness goes under higher pressure and deformation from applied load 
which is consistent with results of deformations in which HDPE has the highest 
deformation among all pipes.  
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Figure 3-25 Earth pressure distribution along pipe circumference 
3.2.2.8 Effect of boundary conditions 
So far, all results presented in this chapter were analysed in a 2D plane strain model. 
Under the plane strain condition, it is assumed that the length of the pipe compared 
to its width is much higher. However, boundary conditions can be affected by any 
infrastructure existing on the pipe alignment, as shown in Figure 3-26. In addition, in 
analysing buried pipe soil behaviour in the laboratory it is important to investigate the 
best place to install strain gauge and pressure cell where the impact of boundary 
condition is minimum. To compare the effect of boundary conditions, a 3D model is 
built to analyse how boundary conditions can affect the stress and displacement 
distribution along the pipeline. Two types of boundary conditions at the end of pipeline 
are selected, roller and hinge representing infinite and finite length of the buried 
pipeline, respectively. For the hinge boundary the left and right hand parts of the 
model are restricted in movement due to these points while for the roller end there is 
no restriction in movement. As suggested in many standards, for simulating a pipe in 
the similar loading conditions, it is better to model pipe elements as a series of shell 
elements in 3D analysis. Three-dimensional brick elements are used to simulate the 
surrounding soil (C3D8R) and four-node reduced-integration shell elements (type 
S4R) are used for the pipe. 
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(a) (b) 
Figure 3-26 Boundary condition (a) infinite length (b) finite length of buried pipe 
(Lee., 2010) 
In Figure 3-27-a schematic displacement of pipeline for two boundary 
conditions are illustrated. For a hinge boundary condition, displacement at the pipeline 
ends is zero. This value increases to maximum by moving towards the middle of pipe. 
However for the roller boundary the displacement along the pipeline varies just 
between 5.3 and 5.42 cm. It is concluded that analysing pipe soil behaviour using 
plane strain conditions should be carried out with care. Existence of any infrastructure 
over the pipeline alignment can change the boundary conditions from roller to the 
hinge with restrained ends which cause significant variation of both stress and 
displacement along the pipeline.  
Results in Figure 3-27-b show that at the ends of the pipeline for hinge 
boundary condition there is no displacement, while maximum stress occurs at these 
points. In addition, by moving towards the middle of the pipe, there is a downward 
deformation of 5.4 cm which is maximum in the middle of the pipe. There is a reduction 
in stress distribution of pipe and stress of the pipe falls from 204 to 160 kPa moving 
towards the middle of pipe. The results of stress and displacement distribution of pipe 
with a roller boundary are also shown in in Figure 3-27-b. As illustrated there is no 
significant change of stress and displacement along the pipeline length.  
These results are consistent with those achieved in 2D analysis illustrated in 
Figure 3-19. For example, maximum crown displacement for pipe under 550 kPa 
surface pressure and 1 m burial depth is 5.4 cm in both analysis. Results also are 
consistent with the results achieved in the literature by Lee (Lee., 2010). It was shown 
in that research that the roller boundary condition at pipeline ends has less impact 
on both stress and displacement of pipeline. 
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 hinge 
roller 
(a) 
 hinge 
 roller 
(b) 
Figure 3-27 (a) Pipeline deformation according to two boundary conditions at 
pipeline ends (b) displacement and stress distribution along the length of a pipe with 
a roller and hinge boundary at the pipeline ends (Mosadegh. & Nikraz., 2015) 
67 
3.2.3 Evaluation of Results 
The parametric study was conducted to investigate the influence of different factors 
on buried pipe response due to traffic implementing finite element method. The impact 
of eight parameters on pipe deflection, soil surface settlement, stress in pipe and earth 
pressure on pipe were analysed and results were presented in previous section. To 
provide a quick understanding of each factor impact on model response, all results 
are presented in the same figure. These graphs compare the impact of each 
parameter with other factors on model response. The horizontal axis represents the 
investigating cases and vertical axis represents change in four different examining 
parameters including pipe vertical deflection, soil surface settlement, stress on pipe 
wall and vertical earth pressure on pipe crown. Results are shown in Figure 3-28 to 
Figure 3-31. 
Figure 3-28 illustrates the impact of all factors on pipe vertical deflection. It should be 
noted horizontal axis represents investigating factor. For example, number 1 on the 
horizontal axis represents case 1 which investigates impact of burial depth variation 
on model response which is also shown in the table close to Figure 3-28.  Overall, 
case II or surface pressure has the highest impact on pipe vertical deflection variation 
ranging between 0.02 and 0.08. Case V or change in interaction coefficient value has 
the minimum impact on pie vertical deflection variation ranging between 0.04 and 0.05 
only.  
Figure 3-28 Comparing impact of all parameters on pipe deflection 
Figure 3-29 illustrates the comparison of all seven cases impact on soil surface 
settlement. The effect of surface pressure is the most significant and soil surface 
settlement varies between 2 cm and 10 cm by surface pressure variation. However, 
friction coefficient has the lowest impact and soil surface settlement is not affected 
significantly by change of interaction coefficient.  
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Figure 3-29 Soil surface settlement variation versus all seven cases 
The results of parametric study on stress induced in pipe wall are illustrated in 
Figure 3-30. As can be seen internal pressure has the highest impact on stress in 
pipe compared to other parameters. Impact of other parameters is not significant 
comparing to internal pressure impact. 
Figure 3-30 Stress in pipe versus all seven cases 
The impact of each parameter on earth pressure variation around the pipe is 
illustrated in Figure 3-31. It is evident that amongst all parameters surface pressure, 
burial depth and loading area has the highest impact on pressure around the pipe and 
interaction coefficient has the lowest impact.  
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Figure 3-31 Earth pressure on pipe versus all seven cases 
It can be concluded from these results that it is not economical, for example, 
increasing interaction property of pipe only for the purpose of reducing soil surface 
settlement. Although this parameter reduces soil surface settlement, its impact is not 
significant. However, based on Figure 3-29 reducing burial depth, surface pressure 
or loading area can be a solution for this purpose. In the next section, based on results 
of the parametric study, a sensitivity analysis will be performed to quantify the impact 
of each parameter on model response by normalising the analysis. 
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SENSITIVITY ANALYSIS 
As discussed in the previous section, changing the values of different parameters can 
affect the result of the model in many ways. Results may be changed vastly, poorly 
or may remain unchanged. Thus a sensitivity analysis is performed to analyse how 
sensitive the model is to change of each parameter. Performing sensitivity analysis is 
important showing which parameter requires additional research. For this purpose, all 
cases presented in the previous section are categorised into standard and 
nonstandard cases. The standard case consists a steel pipe with thickness of 5 cm, 
burial depth of H equal to D, surface pressure of 550 kPa and α equal to 2D. A full- 
bonded interaction without considering internal pressure were also chosen for this 
case. In addition to the standard case, a total of 29 nonstandard cases, each with only 
one parameter different from the standard case, are also analysed. For example, 
case-I which analyses the impact of burial depth is the same property as standard 
case but has five extra burial depths. In addition, case II which investigates the impact 
of surface pressure is the same as standard case plus three extra surface pressures. 
All different cases are illustrated in Table 3-4. The investigating factors are maximum 
vertical deflection, soil surface settlement, stress in pipe and earth pressure on pipe.  
Table 3-4 Different cases considered in sensitivity analysis 
Case Different cases for investigation 
Standard case Steel pipe, burial depth H/D=1, Surface pressure 550 kPa,
full- bonded interaction without considering internal pressure 
Case I Impact of burial depth:1, 1.5, 2, 2.5, 3.5, 5 
Case II Impact of surface pressure: 200,400, 550, 700 kPa 
Case III Impact of interaction friction coefficient: 0.1,0.3,0.5, 0.7,0.9, full bonded 
Case IV 
Impact of loading area: 0.5, 1, 2 
Case V 
Impact of internal pressure: without fluid,water:414 kPa,Gas: 7500 kPa 
Case VI Impact of material property: HDPE, Steel, PVC 
Case VII Wall thickness: 2, 5, 10 cm 
3.3.1 Results 
The sensitivity analysis is performed based on results from parametric study and 
results are presented in the following section. For comparison, results will be 
presented as the ratio of each case to standard case. Standard case for all cases will 
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be illustrated on each figure using a red line. As mentioned earlier, for the purpose of 
comparison the impact of each parameter on model response is normalised. For 
example, for case-I the soil surface settlement for all six different burial depths are 
divided to soil surface settlement value for standard case. It should be noted VDS and 
SSS terms will be used for denoting vertical diametric strain of pipe and soil surface 
settlement, respectively. 
3.3.1.1 Case I: Role of burial depth 
Six levels of burial depths are considered in the analysis in which the results are 
shown in Figure 3-32. A comparison of case-I with the standard case indicates that 
the effect of burial depth on all investigating parameters is significant.  
(a) (b) 
(c) (d) 
Figure 3-32 Role of burial depth for (a) VDS (b) SSS (c) stress in pipe and (d) 
maximum pressure on pipe  
Overall, increasing burial depth from H=1D to H=5D decreases VDS ratio from 
1 to 0.45. Similarly, increasing burial depth from H=1D to 5D results in increase of 1 
to 1.35 in SSS ratio, decrease of 1 to 0.25 in stress ratio and decrease of 1 to 0.3 in 
pressure ratio.  
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The impact of burial depth on VDS ratio is illustrated in Figure 3-32-a. As 
illustrated, pipe deflection decreases with increasing H/D and decreases from 1 to 0.4 
for deeper burial depths. However, when H/D is minimum, SSS ratio has the lowest 
value and increasing burial depth increases SSS ratio up to 40%. Sensitivity of 
pressure on pipe crown is also illustrated in Figure 3-32-c. It can be seen that stress 
in the pipe is maximum when H/D is minimum. Increasing the H/D leads to a decrease 
in the stress on the pipe. In addition, increasing burial depth has a significant impact 
on pressure transmitted to the pipe crown.  
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3.3.1.2 Case II: Effect of surface pressure 
The sensitivity analysis also considered four different surface pressures of 200, 400, 
550 and 700 kPa on model response. As expected, increasing surface pressure 
increases all parameters as illustrated in Figure 3-33. All investigating values are 
sensitive to change of surface pressure variation. For example, increasing surface 
pressure value from 200 to 700 kPa increases pipe deflection from 0.4 to 1.6 or 300% 
increase in VDS. Increasing surface pressure from 200 to 700 increases SSS ratio 
from 0.3 to 1.4 or 220%. Similarly increase of surface pressure results in, 220% 
increase in stress in pipe and 200% increase in earth pressure.  
Figure 3-33 Role of surface pressure for (a) VDS (b) SSS (c) stress in pipe and (d) 
pressure on pipe crown 
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3.3.1.3 Case III: Interaction coefficient 
Five different interaction coefficients of 0.1, 0.3, 0.5, 0.9 and fully-bonded are 
considered in the sensitivity analysis of system and results are illustrated in 
Figure 3-34. Overall, three of four investigated parameters are not sensitive to 
interaction coefficient variation. For example, increasing interaction value from 0.1 to 
full-bonded reduces pipe deflection from 1.08 to 1 as shown in Figure 3-34-a. 
Sensitivity of SSS to interaction coefficient is presented in Figure 3-34-b. As 
illustrated, the largest increase occurs when interaction coefficient is at its minimum 
of 1 and SSS ratio is 1.1 which means variation in interaction value results in only 
10% increase in SSS. Increase of interaction coefficient reduces earth pressure ratio 
on pipe from 1.08 to 0.98 which is only 10% change. Amongst different investigate 
parameters, stress in pipe has the highest sensitivity to change of interaction 
coefficient. As shown in Figure 3-34-c, increase in interaction coefficient reduces ratio 
of stress in pipe from 1.6 to 1 indicating reduction of 37% in stress on pipe wall.  
(a) (b) 
(c) (d) 
Figure 3-34 Sensitivity of (a) VDS (b) SSS, (c) pressure on pipe wall (d) pressure on 
pipe crown to interaction coefficient 
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3.3.1.4 Case IV: Effect of loading area 
Three different loading areas of α= 0.5, 1 and 2D are chosen to be analysed and 
results are illustrated in Figure 3-35. With the same burial depth, surface pressure 
and interaction coefficient, an increase in tire size causes an increase in all 
investigating parameters. As shown in Figure 3-35-a increasing loading area from 0.5 
to 2D, increases VDS ratio from 0.37 to 1, SSS ratio from 0.4 to 1, stress ratio in pipe 
from 0.38 to 1 and pressure ratio from 0.4 to 1. The results indicate that minimum 
increase of 150% occurs on all parameters when loading area increases. This means 
all parameters are highly sensitive to the size of loading area. 
(a) (b) 
(c) (d) 
Figure 3-35 Sensitivity to loading area for (a) VDS (b) SSS (c) stress in pipe and (d) 
maximum pressure on pipe 
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3.3.1.5 Case V: Internal pressure 
The sensitivity analysis also considered the impact of three internal pressures on 
model response and results are illustrated in Figure 3-36. Overall, amongst all 
parameters only stress induced in pipe is highly sensitive to internal pressure and 
other parameters are less sensitive to change in internal pressure of pipeline. 
Increase in internal pressure results in decrease of VDS ratio from 1 to 0.92, SSS 
ratio from 1 to 0.85. However, increase in internal pressure results in increase of 
stress ratio from 1 to 45 and increase in pressure on pipe from 1 to 1.15. In other 
words, there is a reduction of 17% in VDS ratio and 11% in SSS ratio. An increase of 
15% in ratio of earth pressure on pipe occurs with internal pressure increase. 
However, a significant increase in stress ratio in pipe showing the high sensitivity of 
stress in pipe to internal pressure. 
(a) (b) 
(c) (d) 
Figure 3-36 Sensitivity to internal pressure for (a) VDS (b) SSS (c) stress in 
pipe and (d) maximum pressure on pipe 
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3.3.1.6 Case VI: Material property 
The sensitivity analysis also performed on three different pipe materials of steel, PVC 
and HDPE to identify how sensitive the model is to material property. As shown in 
Figure 3-37 stronger pipe material causes higher stress in pipe wall and on pipe 
crown. In addition, it causes lower pipe deflection and soil surface settlement. For 
example, increasing material strength from steel to HDPE increases VDS ratio from 
1.0 to 1.2 and increases SSS ratio from 1 to 1.1. However, it decreases ratio of stress 
on pipe from 1 to 0.6 and decreases ratio of earth pressure from 1 to 0.75. 
(a) (b) 
(c) (d) 
Figure 3-37 Sensitivity to pipe material property for (a) VDS (b) SSS (c) 
stress in pipe and (d) maximum pressure on pipe 
3.3.1.7 Case VII: Wall thickness 
To analyse how sensitive the model is to change of pipe wall thickness, the model 
response is analysed and compared with three different wall thicknesses and results 
78 
are illustrated in Figure 3-38. It can be seen that increasing pipe thickness from 2 to 
10 cm decreases pipe deflection ratio from 1.2 to 0.95 and soil surface settlement 
ratio from 1.02 to 0.98. The ratio of stress in pipe significantly drops from 2.5 to 0.4 
by increasing pipe thickness. Increasing pipe thickness from 2 to 10 cm however leads 
to an increase in earth pressure on pipe from 0.9 to 1.4. Overall, it can be seen that 
amongst different factors, stress in pipe is more sensitive to change in pipe thickness. 
(a) (b) 
(c) (d) 
Figure 3-38 Sensitivity to pipe wall thickness for (a) VDS (b) SSS (c) stress in pipe 
and (d) maximum pressure on pipe 
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3.3.2 Relative Contribution of Each Parameter 
Sensitivity analysis was performed based on the parametric study to determine the 
effect of various parameters on buried pipe response subjected to traffic load. A 
comparison of all cases indicates that the model behaviour is more sensitive to some 
parameters. Thus the relative contribution of each parameter on the sensitivity of 
model was analysed by calculating the ratio of RC (relative contribution) of each 
parameter based on the following equation:  
RCi=
ΔKi
∑ ΔKi 3-2
In which ΔKi is the difference between maximum and minimum value of sensitivity 
ratio for each case. ∑ ΔKi is sum of all sensitivity coefficients of each parameter 
calculated in sensitivity analysis. For example, to identify the contribution of burial 
depth on pipe deflection variation, ΔK1 which is 0.54, is divided by 3.09 which is sum 
of all sensitivity coefficients of those seven parameters or ∑ΔK1 and result of relative 
contribution of burial depth and pipe deflection is 17. ΔKi for each parameter is 
calculated and results are illustrated in Table 3-5. Then, based on these values, RC 
or relative contribution of each case on variation of deflection, soil surface settlement, 
stress in pipe and earth pressure on pipe is calculated and results are illustrated in 
Table 3-6. 
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Table 3-5 Value of maximum ΔKi for all seven cases 
Case1-7 Parameters Deflection 
Settlement 
ratio Stress ratio 
Pressure 
ratio 
B
ur
ia
l d
ep
th
 
1.00 1.00 1.00 1.00 1.00 
1.50 0.97 1.07 0.63 0.80 
2.00 0.81 1.14 0.48 0.70 
2.50 0.75 1.34 0.46 0.50 
3.50 0.62 1.40 0.33 0.40 
5.00 0.46 1.36 0.29 0.30 
ΔK1 0.54 0.39 0.70 0.70 
S
ur
fa
ce
 p
re
ss
ur
e 200 0.40 0.36 0.42 0.36 
400 0.70 0.71 0.79 0.64 
550 1.04 1.00 1.00 1.00 
700 1.60 1.36 1.17 1.24 
ΔK2 1.20 1.00 0.75 0.88 
Lo
ad
in
g 
ar
ea
 
0.50 0.35 0.43 0.55 0.40 
1.00 0.63 0.71 0.75 0.68 
2.00 1.00 1.00 1.00 1.00 
ΔK3 0.70 0.57 0.45 0.60 
In
te
ra
ct
io
n 
0.10 1.10 1.08 1.67 1.40 
0.30 1.06 1.06 1.64 1.20 
0.50 1.06 1.05 1.55 1.03 
0.90 1.04 1.02 1.05 1.01 
1.00 1.00 1.00 1.00 1.00 
ΔK4 0.05 0.08 0.66 0.40 
In
te
rn
al
 
pr
es
su
re
 no fluid 1.00 1.00 1.00 1.00 
Water 0.96 0.97 1.55 1.09 
Gas 0.85 0.92 46.55 1.14 
ΔK5 0.15 0.10 45.55 0.14 
M
at
er
ia
l 
pr
op
er
tie
s Steel 1.00 1.00 1.00 1.00 
HDPE 1.24 1.09 0.58 0.68 
PVC 1.04 1.03 0.83 0.80 
ΔK6 0.20 0.09 0.17 0.32 
Th
ic
kn
es
s 2.00 1.15 1.08 2.50 0.92 
5.00 1.00 1.00 1.00 1.00 
10.00 0.90 0.98 0.48 1.40 
ΔK7 0.25 0.10 2.02 0.48 
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Table 3-6 Relative contribution of each parameter on model response 
Relative 
Contribution 
Cases 
Deflection Settlement Stress Pressure 
RC1 Burial depth 17.48 16.73 1.48 20.00 
RC2 Surface load 38.83 42.89 1.49 25.14 
RC3 Loading area 22.65 24.52 0.90 17.14 
RC4 Interaction 1.62 3.43 1.33 11.43 
RC5 
Internal 
pressure 4.85 4.27 90.46 4.00 
RC6 Material type 6.47 3.86 0.33 8.57 
RC7 Thickness 8.09 4.29 4.01 13.71 
∑ RCi 100 100 100 100 
For each output, pie charts are provided to quickly show the weight of all seven 
different inputs on four analysed parameters visually. The pie charts in Figure 3-39 
present the percentage of relative contribution of each parameter on model response. 
Overall, surface pressure, burial depth and loading area are three parameters which 
have the highest impact on VDS, SSS and pressure on pipe. As shown in Figure 3-39 
contribution of surface pressure is the highest comparing to other parameters. The 
contribution is 39%, 25% and 43% on variation of VDS, SSS and earth pressure, 
respectively. As illustrated in Figure 3-39-c, internal pressure has the highest level of 
contribution on stress in pipe and contribution of other six parameters on stress 
variations are negligible (less than 7%). 
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(a) 
(b) 
 (c) 
 (d) 
Figure 3-39 The relative contribution of various parameters on the sensitivity of (a) 
pipe deflection (b) soil surface settlement (c) stress in pipe (d) earth pressure on 
pipe  
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CONCLUSIONS 
In this research, a numerical parametric study was carried out to investigate the 
impacts of different parameters on pipe-soil behaviour under traffic load using the 
FEM software ABAQUS. The soil model was elasto-plastic and the pipe was elastic 
linear. The effect of seven different parameters including burial depths of pipe, 
external pressure, width of loading area, internal pressure, pipe-soil interaction 
properties, pipe material, wall thickness and boundary conditions at the pipeline ends 
on pipe deflection, surface settlement, maximum stress in pipe as well as earth 
pressure on pipe were investigated. The parametric study was followed by sensitivity 
analysis to investigate how sensitive the model was to change of each above 
mentioned parameter and to determine the parameters with the highest relative 
contribution on model response. 
 The key findings are summarised as below: 
• It was demonstrated that increasing burial depth from H/D=1 to H/D=5,
reduces pipe deflection significantly. Rate of change is more important for H/D
<2.5 which means live load tends to have less effect on pipe deflection for
deeper embedment depths. In addition, when H/D is minimum, soil surface
settlement is also minimum. Increasing H/D increases displacement at the soil
surface, especially for H/D<2.5. Increasing the H/D reduces both stress in the
pipe wall and earth pressure on the pipe. These changes are more significant
for H/D<2.5.
• The results indicate that increasing surface pressure leads to a significant
increase in SSS, VDS, stress in pipe and pressure on pipe crown. Results also
show that soil surface settlement is higher above pipe crown. In addition,
maximum pressure on pipe occurs in the middle part of the pipe circumference
or between 60o to 100o from pipe crown.
• The larger the loading area, the higher will be pipe deflection. Increasing
loading area also increases soil surface settlement, stress in pipe and earth
pressure around the pipe significantly. Internal pressure affects pipe
deflection, soil surface settlement and earth pressure around the pipe
although these changes are not significant. However, applying internal
pressure significantly increases stress in pipe. In addition, applying internal
pressure affects the location where maximum stress occurs. Maximum stress
happens in the middle part of pipe when there is no fluid while the minimum
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stress happens in the middle part of pipe taking into consideration the impact 
of fluid.  
• Results revealed that friction coefficient variation has a small effect on pipe
deflection, soil surface settlement and maximum earth pressure variation.
However, stress in pipe is more affected by interaction coefficient variation
comparing to other parameters. In addition, friction coefficient effects on pipe
displacement and pressure distribution along pipe circumference is
investigated for only two values of friction coefficient: full-bonded and friction
coefficient of 0.5. Results show that the pipe displacement is reduced by
moving from crown to pipe invert along pipe circumference. Results also
reveal that earth pressure of full-bonded interaction is higher on left and right
sides of the pipe and has a lower pressure along its middle part.
• Increasing pipe thickness from 2 to 10 cm reduces pipe deflection, soil surface
settlement and stress in pipe. However, increasing wall thickness increases
earth pressure on pipe significantly.
• Replacing steel pipe with PVC and HDPE increases pipe deflection, the soil
surface settlement and earth pressure on pipe. Stress in pipe, however,
decreases by replacing steel pipe with PVC and HDPE.
• Analysing the effect of boundary conditions shows that hinged boundary
condition affects stress and displacement distribution along the pipe length,
showing that at the ends of the pipeline, when there is no displacement,
maximum stress occurs. Maximum displacement also occurs along pipeline
path while stress is minimum for hinged boundary condition.
• To provide a quick understanding of each parameter impact on model
response, parametric study results were evaluated and impact of all
parameters on model response were compared. Impact of all seven
parameters on each parameter was investigated and results were presented
on the same graph. Overall, surface pressure has the highest impact on VDS,
SSS, and earth pressure variation and interaction coefficient value has the
lowest impact. Internal pressure has the highest impact on stress in pipe
comparing to other parameters.
• A sensitivity analysis was also performed based on the results from parametric
study and results were presented as the ratio of each parameter for each case
to standard case. It was shown that the model is more sensitive to some
parameters than others. The relative contribution of each parameter has been
calculated and results indicated that surface pressure contribution is the
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highest comparing to other parameters and its contribution is 39%, 25% and 
43% on VDS, SSS and earth pressure, respectively. After surface pressure, 
burial depth and loading area have the highest contribution on above 
mentioned parameters. Internal pressure has the highest contribution on 
stress variation in pipe and contribution on other six parameters is negligible. 
The impact of surface pressure and burial depth is going to be analysed in 
phase-II of this research. Another significant parameter is loading area which will not 
be considered in the next stage of this research due to limitation to the laboratory 
facilities. Some of the recommendations on parametric study are given below: 
• It was found that the model is sensitive to internal pressure affecting stress
distribution on pipe wall significantly. It is recommended this factor to be
studied further from structural point of view.
• As the pipe installation procedure has not been simulated in the current
research and considering pipe installation could affect stress distribution. The
author recommends installation procedure to be investigated in the future.
• It was assumed that the pipe did not deform during construction and the
relative movement of the pipe and soil was not taken into consideration. It is
recommended these parameters to be also investigated in the future.
• In the current study, traffic load has been considered as a static load.
Considering traffic load as a cyclic load to assess pipe and soil behaviour and
taking into consideration the degradation effect in a real project is
recommended.
• Future work on pipeline behaviour should contain physical tests to validate
future numerical models.
SUMMARY OF THE CHAPTER 
A numerical parametric study was performed to investigate the impact of different 
parameters on pipe-soil behaviour under live load using ABAQUS. These parameters 
were burial depths, surface pressure, loading area, internal pressure, pipe-soil 
interaction properties, pipe material and boundary conditions. The effect of these 
parameters was investigated on pipe deflection, soil surface settlement, stress in pipe 
as well as earth pressure on pipe. This study was followed by the sensitivity analysis 
to quantify how sensitive the model was to any change of these parameters. Based 
on the results of parametric study and sensitivity analysis, the burial depth, surface 
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pressure and loading area had the most significant impact on pipe deflection, soil 
surface settlement and pressure on pipe crown. The effect of other parameters (e.g. 
interaction coefficient and internal pressure) was found to be negligible on SSS, VDS 
and pressure on pipe crown. Therefore, surface pressure and burial depth variation 
were selected to be analysed in the following phase of this research. The methodology 
of next phase of this research will be presented and discussed in the next chapter. 
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4 METHODOLOGY 
INTRODUCTION AND OVERVIEW 
In the previous chapter a parametric study was carried out to investigate buried pipe 
performance under various conditions. Results revealed that surface pressure, burial 
depth and loading area have the highest impact on the pipe performance. In the 
following chapters the focus is on buried pipe performance investigation under cyclic 
load experimentally and numerically. The objective is to conduct experimental tests 
and numerical simulations to assess pipe deflection, soil surface settlement and 
pressure on pipe. Experimental tests will be carried out using UTM25 to apply load 
on surface of a tank in which pipe is buried. The tank was built in Curtin University for 
the purpose of this project. Then, numerical simulations will be conducted using the 
Finite Element Method based on laboratory setup to investigate pipe-soil behaviour 
within numerical context.  
This chapter presents the experimental and numerical methodologies 
employed for current research in three sections. In the first section following the 
introduction, the test setup and details of the experimental tests will be described. In 
addition, the specification of the equipment for data acquisition, testing tank and 
machine for applying load will be presented. This section will be followed by the finite 
element model analysis suitable for buried pipe simulations. The error associated with 
this research will be presented briefly at the end of this chapter. 
88 
EXPERIMENTAL SETUP 
The experimental studies are conducted at the Curtin University by performing series 
of cyclic load tests on buried pipe. The objective of experimental study is to measure 
the changes in pipe deflection, surface settlement and earth pressure on pipe induced 
at different burial depths, surface pressures and load cycles. Description of different 
components and procedure of experiments are presented in this section.  
4.2.1  Steel Tank 
The testing tank was designed and built in Curtin University for the purpose of this 
research. A Universal Testing Machine, UTM-25, was used to apply both static and 
dynamic loads which will be described later. The layout of testing tank is shown in 
Figure 4-1. Some of the key criteria considered in the design and sizing of the tank 
are as below: 
1. Limited size of tank due to size of the UTM 25 ;
2. Minimal effects from end wall and side walls during loading;
3. Promoting plane strain conditions in tests;
4. Front face made of plexiglass for visual observation;
Due to the long length of the buried pipe compared to its diameter, the tank 
was modelled assuming plane strain conditions. For this condition, it is assumed that 
in deformation process the strain along the z-axis is zero, i.e., normal planes to the z 
direction do not interfere with each other. In large-scale test, the plane strain condition 
could be achieved by building the model with the smooth x–y faces in order to prevent 
any friction that could cause distortion in the longitudinal direction. Another way to 
achieve plane strain condition is taking the z dimension such that the boundary 
conditions at the end do not affect the behaviour of the model in the middle. The 
testing tank used in this research was a rigid steel box using three stiff steel sections 
of U-230 on the sides and bottom of the tank as shown in Figure 4-1-a. The 
dimensions of the tank are 700 mm x 600 mm x 230 mm. The testing tank has a 
smooth back consisting of a steel plate with 10 mm thickness and the front face is 
made of plexiglass of 20 mm thickness as shown in Figure 4-1-b. Plexiglass is used 
for visual observations of the sand–pipe system, as well as the photo scanning. On 
the back face, a layer of smooth material Polytetrafluoroethylene or PTFE was applied 
to decrease friction between soil and steel. This smooth material on the back face 
makes the friction similar to front face between plexiglass and soil to impose plane 
strain condition.  
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(a) 
Colour Parts Tank material properties 
Back face Smooth steel plate;  700X600 mm2; thickness: =10 mm 
sides Each side consist of stiff steel UNP230; thickness: 10mm 
Bottom UNP230;  thickness: 10 mm 
No colour Front face Plexiglass, thickness: 20 mm 
 
(b) 
Figure 4-1 (a) Schematic diagram of the test box and its dimensions and geometry 
of the model (b) schematic view of tank and the material properties  
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4.2.2 Data Acquisition System 
All measurements from instrumentations were recorded automatically via different 
channels to monitor pipe and surface response due to cyclic load. Catman AP version 
4.2 was used as data acquisition software (DAQ) allowing for data visualization, 
analysis and storage during the test. Connection was via socket devices and data 
were exported to MS Excel for post processing. The details and specifications of these 
equipment are described in the following sections. The LVDT (Linear Variable 
Displacement Transducer), strain gauge and pressure cell were also provided to 
measure displacement, strain and pressure at given points as shown in Figure 4-2. In 
addition, the value of applied load and soil surface settlement can be read through 
UTM 25. The UTS002 stress strain test module software developed by IPC Global™ 
was used to run the test and to capture the data. Based on sensitivity analysis 
presented in section 3.2.2.8, boundary conditions can affect stress and displacement 
results of a pipe significantly. Thus, the best place to install strain gauge and pressure 
cell is where the impact of boundary condition is minimum. Therefore, strain gauges 
and pressure cells were installed in the middle part of pipe length in z direction. It 
should be noted that the type and location of data each acquisition equipment for 
experimental tests, were selected based on similar research works in the literature 
(Ko & Kuwano, 2010; Moghaddas Tafreshi & Khalaj, 2008; Tavakoli Mehrjardi et al., 
2013; Yoshimura et al., 2010).    
Figure 4-2 Location of pressure cell, strain gauge and LVDT in the model 
4.2.2.1 Pressure cell 
The pressure cells used in this research were Miniature Pressure Gauge PDA-1 MPA 
and manufactured by Tokyo Sokki Kenkyujo, Japan. These pressure cells were 
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installed on pipe surface to capture pressure on pipe-soil interface. The sensing part 
of the PDA-PA miniature pressure gauges is 6.5 mm in diameter and 1 mm in 
thickness as shown in Figure 4-3-a and b. These pressure cells are waterproofed with 
accuracy of 0.1% according to the manufacturer advice. Pressure cell specifications 
provided by manufacturer are illustrated in Table 4-1. Pressure cells should be 
connected to the digital convertors and computers using sockets as shown in 
Figure 4-3-c. The data recorded are exported as mV/V and will be converted to 
appropriate units based on calibration results. To ensure an accurate reading, all of 
the devices were calibrated prior to tests.  
(a) (b) (c) 
Figure 4-3 Pressure cell 
Table 4-1 Pressure cell specifications 
The calibration of pressure cells PDA-1 MPA was carried out by applying air 
pressure on each pressure cell using triaxial device as shown in Figure 4-4. First, 
pressure cells were placed in the cell of triaxial machine. Then the uniform air 
pressure was applied via triaxial device. Data were recorded based on mV/V via 
Catman software installed on computer. Then calibration coefficient was calculated 
for all pressure cells. Calibration coefficients of all three pressure cells are illustrated 
in Figure 4-5-a to c. For example for the value of -0.5 for PDA 1 in Figure 4-5-a, 
pressure recorded is equal to 280 kPa. Calibration value is calculated based on 
equations derived from following figures. Noted that based on calibration results 
shown in Figure 4-5, the correlation was assessed as good and pressure can be 
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calculated based on calibration coefficient. Therefore, the final value captured by 
pressure cells can be calculated as follows: 
Pressure= measured value X calibration coefficient 
4-1
In which measured value is the reading of the pressure cell and calibration 
coefficient value is calculated using the calibration graphs shown in Figure 4-5-a to c. 
Figure 4-4 Calibration of pressure cells in the laboratory 
 (a)  (b)
(c) 
Figure 4-5 Results of three pressure cells calibration 
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4.2.2.2 Strain gauge 
Strain gauge used in this research was an F series Lead wire integrated foil strain 
gauge type or FLA-2-11 as shown in Figure 4-6, manufactured by Tokyo Sokki 
Kenkyujo TML. The length and width of strain gauge are 2 and 1.5 mm, respectively. 
Figure 4-6 Strain gauge used in the current research 
The most important part in using strain gauge is bonding it to the surface. For 
proper bonding of strain gauges, the testing surface must be chemically clean and 
totally free of contaminants before applying the adhesive. This condition was applied 
by using conditioner and neutraliser as shown in Figure 4-7-a. For gluing of strain 
gauge to the pipe, the pipes were fixed in place using the clippers as shown in 
Figure 4-7-b. By surface scrubbing with an alkaline solution, as shown in Figure 4-7-
c and d, the surface was cleaned at the appropriate pH level. The bonding between 
strain gauge and pipe was checked by trying to detach strain gauge from pipe for 
each test. As shown in Figure 4-7-e and f gluing process was quite satisfactory as 
detaching to the strain gauge was not possible without its destroying.  
It is essential to find a relationship between measured circumferential strain 
on pipe and pipe deflection. For this purpose a test was carried out using a 
compression testing machine to measure vertical diametrical change of pipe 
(measured with LVDT) and wall circumferential strain at crown and bottom of pipe 
(measured with two strain gauges). The details will be explained in Chapter 5.  
94 
Figure 4-7 Different steps of preparation of strain gauges 
4.2.2.3 LVDT 
An LVDT with 100 mm travel distance was placed between the loading shaft and soil 
surface to precisely measure the applied load on the soil surface as shown previously 
in Figure 4-1-c  
4.2.3 Sample Preparation 
The soil sample for each test was prepared. First, granular soil was placed at the 
bottom and lateral sides of the tank in a U shape as shown in Figure 4-8. Before 
putting the trench material, pipe should be placed while strain gauges and pressure 
cells were attached to it in appropriate positions as illustrated Figure 4-8-a. After 
placing pipe, sand material was to be placed and compacted in trench area. The 
chosen trench width was 55 cm. This width was chosen according to AASHTO 
recommendation in which trench width should not be less than the greater of 1.5 times 
of the pipe outside diameter plus 305 mm or the pipe outside diameter plus 406 mm. 
The trench depth varied in different tests and ranged between 220 and 385 mm which 
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is sum of the burial depth plus pipe diameter. Soil compaction was performed with an 
appropriate hammer used to simulate compaction in the field to reach 95% maximum 
dry density. Height of the trench was divided into equal strips so that the soil in each 
layer (i.e. 6 cm thickness) was compacted separately, (Figure 4-8-b).The soil weight 
required in each layer was calculated from considerations of compacted soil unit 
weight and chamber’s volume. At the end, the surface of soil was levelled. In the last 
step, loading cell and the loading plate were centred in the tank.  An extra LVDT was 
also placed on top of plate to monitor the surface settlement parallel to UTM25 data 
capturing, (Figure 4-8-c). It should be noted the properties of materials in the current 
research will be presented in Chapter 5.  
(a) 
(b) 
(c) 
Figure 4-8 (a) Sample preparation and pipe installation (b) sand in the trench (c) 
installation of loading plate and LVDT in place 
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For case of cemented material, sand was mixed with 5% of cement using an 
asphalt mixer. First the thickness of H/5 was chosen for cemented material. However 
after running two tests and failing of each test at early stage of cyclic load, the higher 
thickness of cemented layer was selected and thickness of H/3 was then chosen for 
thickness of cemented layer. It should be noted if the thickness of cemented layer is 
thin, it constitutes only a small portion of the overall cemented material strength. 
However, the higher depth of cemented layer causes the higher magnitude of tensile 
strain at its underside and further increase in cemented layer thickness reduces the 
flexure of the underlying structure causing crack in cemented material as shown in 
Figure 4-9-a. 
 For sample preparation, the Hobart HL-200 mixer was used for 
homogenization of soil, cement and water. This mixer has three speed settings: 107, 
198 and 361 RPM. The mixer has a stainless-steel bowl and a flat-type aluminium 
grid beater with the base dimensions of 533 x 546 x 1048 cm. The mixer and its tool 
are illustrated in Figure 4-10-a and b. To achieve a better level of mixing, 
homogenization was performed manually by operator while mixing. For uniform 
mixing, first soil was added to the mixer. Then, an appropriate amount of cement was 
put into the mixer and materials were homogenized and at the end water was added. 
Five minutes of mixing time was selected for soil. Then the whole material was 
compacted in the tank and were sealed to avoid moisture loses in the sample. Finally, 
the sealed tank was kept for seven days of curing time. 
(a) (b) 
Figure 4-9 Variation of strain at the base of asphalt with asphalt thickness 
(Austroads, 2012)  
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(a) (b) 
Figure 4-10 (a) Mixer (b) mixing tool 
4.2.4 Testing Apparatus 
A Universal Testing Machine, UTM-25, was used in this experimental research as 
shown in Figure 4-11-a. The load frame capacity of the machine is 25 KN in static 
loading and 20 KN in dynamic loading. The load was applied on soil surface using a 
rigid steel plate to simulate a distributed surface pressure. This steel plate has the 
length of 210 mm, width of 100 mm and thickness of 20 mm. The length of footing 
was almost equal to the width of the tank in order to maintain plane strain condition. 
In addition, two ends of the footing were smooth to minimize the end friction effects. 
In order to apply load, the loading plate was centred on the soil surface while the 
length of footing was parallel to the width of tank. Loading was divided into two stages 
250 and 400 kPa to simulate the light and heavy traffic loadings. There was a limitation 
of 5 cm travel distance in the UTM 25 meaning the maximum soil surface settlement 
can be 5 cm and test stops automatically at this point. A benefit of the cement 
stabilization in this study beside soil improvement is the ability of monitoring pipe soil 
behaviour under more load cycles before reaching its maximum travel distance. The 
machine also can apply a wide range of frequencies from 0.1 to 20 Hz. To apply traffic 
load, Harvey sine was chosen without resting time. In Figure 4-11-b the amplitude of 
applied load in experimental tests is shown. It is noted that in most laboratory studies, 
fatigue testing is usually carried out through dynamic tests without periods of non-
loading which simulates actual field traffic loading. It is worth noting that machine 
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compliance is a very important issue in fatigue tests. It can be measured easily by 
comparing the deformation measured from actuator LVDT and on specimen LVDT as 
shown in Figure 4-12. The results shows actuator movement is transferred well to the 
specimen. 
(a) (b) 
Figure 4-11 (a) UTM25 to apply load (b) the amplitude of applying load 
Figure 4-12 Comparison of actuator and LVDT deformations 
4.2.5 Testing Program 
A total of 27 tests were performed on a buried pipe to investigate the effect of burial 
depth, pressure magnitude, number of cycles on the soil and pipe response. Two trial 
tests were performed on static and cyclic load to calibrate the instruments and check 
the repeatability of results. 15 static and 12 cyclic tests were performed on buried 
pipe. Static tests includes three bearing capacity tests to investigate ultimate bearing 
capacity of the model for both pure and cemented sand. Summary of testing program 
is illustrated in Table 4-2. All tests were carried out on the same scale using same 
equipment and material.  
99 
Table 4-2 Scheme of the monotonic and repeated tests for non-treated and cement-treated sand for buried pipe 
Test 
series 
Type 
of 
test 
Material type Parameters under investigation Purpose of the tests Comparison of cement-treated and 
non-treated materials 
Load(kPa) H/D Number of 
tests 
1 Static Non-treated Up to failure 1 2 To determine ultimate bearing capacity of footing 
Comparison is made to analyse the 
impact of cement on increasing 
bearing capacity 
2 Cement-treated Up to failure 1 1 To determine ultimate bearing capacity of footing 
on cement treated sand 
3 Non-treated 250,400 1,1.5,2.5 6 To investigate the impact of initial phase 
Comparison is made to analyse the 
impact of cement treatment on model 
response during static phase 
4 Cement-treated 250,400 1,1.5,2.5 6 To investigate the impact of initial phase on 
cement-treated sand and to determine the effect 
of various factors  
5 Cyclic Non-treated 250,400 1,1.5,2.5 6 To quantify the effects of repeated loading and to 
provide a basis for assessing the benefits of the 
stabilization  
Comparison is made to analyse the 
impact of cement treatment on pipe 
performance during cyclic phase 
6 Cement-treated 250,400 1,1.5,2.5 6 To study the effect of cyclic load on stabilized 
sand    
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FINITE ELEMENT MODEL 
In this research, the numerical simulation will be conducted to investigate the impact 
of different factors affecting buried pipe behaviour within numerical context. This 
section presents the numerical model of the buried pipe under traffic load in plane 
strain condition. The description of methodology in this section is mainly adopted from 
ABAQUS user’s manual documentation (ABAQUS-6.13, 2013).  
4.3.1 Build a FE model Based on Laboratory Setup 
In modelling of the pipe soil interaction a number of aspects need to be considered 
such as the mechanical behaviour of pipe, the behaviour of surrounding soil, the 
interaction between soil and pipe, the geometry of model and choosing proper 
elements for pipe and soil and their interaction. In this research the geometry of the 
model is created which consists of three parts including pipe and two types of soil. 
Then, the finite element mesh is generated. Later, material properties are assigned to 
each part, in which pipe is assumed elastic and soil is modelled using an appropriate 
elasto-plastic constitutive model. The boundary conditions, interactions and stages of 
analysis will be defined in the following sections. 
4.3.1.1 Modelling procedure 
For selecting an appropriate element type for the pipe-soil model, several element 
parameters should be considered such as  element family (continuum, shell, beam, 
rigid elements,…), degrees of freedom (directly related to the element family), number 
of nodes, formulation and integration .The family of finite elements is a wide category 
which is used for element classifications. The example of commonly used element 
families are: continuum, shell, beam, rigid, membrane and etc. as shown in 
Figure 4-13.  
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Figure 4-13 Element types in ABAQUS (ABAQUS-6.13, 2013) 
Among different element families in ABAQUS, continuum or solid elements 
models the widest variety of components. They simply model small blocks of material 
in a component and they can be connected to other elements on any of their faces 
and can be subjected to any loading. Continuum elements can be used for both linear 
analysis and also for complex nonlinear analysis, which includes contact, plasticity, 
and large deformations. In finite element methods for each element, displacement, 
rotations, pressure and other degrees of freedom are only calculated at the nodes of 
the element and they are interpolated between nodes for any other point in the 
element. This interpolation order depends on the number of nodes on that element. 
Linear or first-order interpolations in each direction is used for the elements with nodes 
only at their corners, and are often called linear elements or first-order elements. 
While elements with mid-side nodes, use quadratic interpolation (second-order 
interpolation). Second-order elements provide a higher accuracy than first-order 
elements. Since first-order elements are stiff and have a small rate of convergence a 
very fine mesh is needed. This situation is not beneficial and should be avoided as 
much as possible in stress analysis problems. Consequently second-order elements, 
which capture stress concentration more effectively, are better choices for modelling 
geometric features. The ABAQUS element library includes linear and quadratic 
interpolation elements in one, two and three dimensions in various shapes. Triangles 
and quadrilaterals are available in two dimensions while tetrahedral and hexahedral 
(bricks) are provided in three dimensions which are suitable for large deformation 
projects. In this project, pipe and soil elements were modelled as CPE4R or 4-node 
bilinear plane strain quadrilateral, with reduced integration.  
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4.3.1.2 Pipe and soil modelling 
To model material in ABAQUS based on results presented in Chapter 5, the pipe is 
considered as a solid HDPE pipe with an outer diameter of 110 mm and thickness of 
5.5 mm. The pipe has been modelled with a linear elastic material behaviour. For soil, 
an elasto-plastic material law with Mohr-Coulomb and Dracker Prager failure criterion 
and a non-associated flow rule were considered to describe the behaviour of dense 
fine sand. The material property will be described later in Chapter 5. The geometry of 
tank is based on what described in experimental setup 4.2. 
4.3.1.3 2D- Boundary conditions 
For boundary conditions, as shown in Figure 4-14-a, vertical side of the model is fixed 
in a horizontal direction with vertical displacement, and the bottom of the model is 
fixed in both vertical and horizontal directions. Boundaries of the backfill part ranging 
from 1D to 2.5D, in which D represents pipe diameter.  
It should be noted that in this study, the X-Y plane is the area in which the soil 
is subjected to various loads, e.g. positive direction for Y is opposite direction of the 
weight. The arrows at the top of the mesh represent the area at which traffic loads 
applies on soil surface. The impact of boundary condition was not studied here. 
Loading was simulated by applying a uniform pressure on soil surface on the flexible 
loading plate with the width of 0.05 m. In all models, the mesh was refined in areas 
with stress concentration under and near the pipe, which are the main focused area 
and leads to more accurate results.  
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Figure 4-14 Finite element discretization and boundary conditions 
4.3.1.4 Interaction 
Amongst different contact models available in ABAQUS, surface to surface interaction 
was chosen to model the interface between pipe and soil. This interface can describe 
contact between two deformable surfaces or between a deformable surface and a 
rigid one. As the pipe is stiffer, it is simulated as a master surface and its surrounding 
soil as a slave surface. To avoid convergence difficulties, an unsymmetrical solver 
matrix was used to solve the problem as S-to-S discretization has higher tendency to 
generate unsymmetrical stiffness terms especially when master and slave surfaces 
are not parallel. The contact pair representing the soil-pipe interface is shown in 
Figure 4-15. To avoid penetration of the master surface nodes into the slave surface, 
the slave surface mesh was refined. The benefit of this model is to reduce likelihood 
of large localized penetrations and to improve accuracy of contact stress. The 
interaction properties of the model were created by defining both tangential and 
normal interactions. The tangential behaviour consists of sliding between two 
surfaces and possibly frictional shear stresses. The normal behaviour is perpendicular 
to the interaction surface. The pipe-soil interaction was assumed to be an adhesive 
friction and no sliding occurs before the shear stress reaches to its maximum value. 
This is numerically achieved by assuming a large friction coefficient in the soil-pipe 
interface. The tangential friction coefficient between pipe and soil was assumed to be 
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0.5 and normal contact is considered as hard one which allows separation after 
contact. To define the interaction in ABAQUS, the pipe element was chosen as the 
master surface with a stiffer body, and the soil as a slave surface with more refined 
meshes. 
(a) (b) 
Figure 4-15 Master surface penetrate in slave surface when it is not refined (b) more 
master nodes per constraint is involved and coupling among slave surface (King & 
Richards, 2013) 
4.3.1.5 Stages of Analysis 
The model was created in four steps. In the first step, which was the initial condition, 
the pipe and soil initial conditions, such as boundary conditions and the interfaces 
between soil and pipe, are defined. In the next step or in the geostatic step a gravity 
load was applied to the model and an average initial soil stress was applied 
throughout the soil mass prior to application of the surface load. It is also decided to 
apply a uniform vertical stress equivalent to the self-weight of the soil at the level of 
the pipe spring line. The corresponding horizontal stress was based on earth pressure 
coefficient of 0.5. It should be noted that ABAQUS checks for equilibrium during this 
step to establish a stress field which balances the gravity load and satisfies the 
boundary condition. In the third step, pipe and pipe-soil interaction was activated and 
the pipe weight was applied to the model. Pipe elements were reactivated during this 
step allowing movement in a vertical direction. In the last step, traffic load was applied 
to the soil surface at the trench width, exactly on top of the pipe. It was also assumed 
that relative movement between the soil and pipe is impossible.  
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SOURCES OF ERROR 
In this research there are sources of error and uncertainties that can affect the results 
of the current research, as discussed below:  
• Like many experimental works, possible test errors should be taking into
consideration in interpretation of data from physical modelling. This can be
errors associated with instruments. For example, pressure cells could be
source of errors. The difference between the stiffness of pressure cell and soil
can cause errors (Biana et al., 2014). Although calibration was performed
through applying uniform air pressure still the errors are expected.
• Another possible source of experimental error comes from the strain gauges.
Source of error can be voltage drops caused by resistance in the wires
connecting the excitation voltage to the bridge. To minimize this error, two
strain gauges were installed to read and check the data at pipe springline.
• The method of compacting and homogenising of material is a definite source
of error and level of compacting and homogenising of material can vary from
test to test. Therefore, a good control of density during compacting was
undertaken to minimize such errors.
• For finite element analysis, errors are minimized by appropriate mesh size,
boundary conditions and considering error messages during analysis.
• And finally like any other experimental work, random errors and blunders can
be the source of errors.
SUMMARY OF THE CHAPTER 
In this chapter the methodology of the research was reviewed starting with presenting 
the overview of the chapter. In the second section, the experimental setup, the 
equipment for data acquisition, properties of testing tank and machine for applying 
load was described. This section was followed by 2D finite element model built in 
ABAQUS suitable for buried pipe analysis. Then some of possible errors associated 
to this research was explained. In the next chapter, the properties of material used in 
the research will be presented.  
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5 MATERIAL PROPERTIES 
INTRODUCTION 
Understanding the buried pipe behaviour is not possible without knowing fundamental 
mechanical properties of soil and pipe. This section provides information about 
materials used in this research. Series of tests were performed to define important 
material strength for sand backfill, cement-treated sand and flexible pipe. For soil, a 
series of direct shear tests on a compacted sandy soil and cement-treated specimens 
were performed at different normal stresses. For pipe, a compressive test was carried 
out to investigate pipe performance under compressive load. The schematic overview 
of this chapter is shown in Table 5.1. After introduction and chapter overview, different 
types of materials used in this research and their physical properties are presented. 
In the next section, the results of laboratory tests to characterize material properties 
are discussed. This is followed by material behaviour predictions using empirical 
methods or finite element methods.  
Table 5-1 Schematic diagram of chapter review 
Introducing types of materials 
used in the physical model 
testing 
Soil 
Cement 
Pipe 
Performing laboratory tests for 
material characterization 
Direct shear tests on non-treated sand 
Direct shear tests on cement-treated sand 
Applying compressive load in axial direction of pipe to find 
relationship between strain and deflection of pipe 
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MATERIALS 
In this section the physical properties of two soils, cement and pipe used in this 
research are presented.  
5.2.1 Soils 
Two types of soil were used in this research, soil A or backfill soil for soil around pipe 
and soil B or granular soil used as bedding material.  
Soil A used to simulate trench soil or surrounding soil around pipe. This soil 
was provided from concrete laboratory in Curtin University and known as concrete 
sand. Grain size distribution test is performed based on Australian standards to 
determine soil properties. The test for grading of the larger fractions (greater than 75 
µm) is carried out by sieving a sample in accordance with the requirements of AS 
1141.11.1 (Australian-Standard, 2009). In this process, a sample of aggregate is 
shaken through a nest of sieves from largest down to smallest. The result is generally 
reported as the percentage passing each individual sieve size. The test was 
performed in a dry state and results are illustrated in Figure 5-2. The grain size 
distribution of this sand is shown in Figure 5-2-a and soil is classified as SP or poorly 
graded sand. This is a soil with the grain size between 0.07 and 4.75 mm with 
D50=0.32 mm; Cu=2.11; Cc= 1.14 and ρd=1.65 kg/m3 as shown in Equations 5-1 
and 5-2. The results of compaction test is shown in Figure 5-2-b  
𝐶𝐶𝐶𝐶 = (𝐷𝐷30)2𝐷𝐷60∗𝐷𝐷10 =1.14    5-1
𝐶𝐶𝑢𝑢 = 𝐷𝐷60𝐷𝐷10=2.11 5-2
Soil B or the granular soil used to simulate the subgrade material. This soil 
typically is used to simulate road base material under flexible pavements in 
construction projects. The soil was provided from pavement laboratory in Curtin 
University and known as base soil. Grain size distribution is performed in accordance 
with Australian standards. The soil is a gravel soil with the grain size between 0.07 
and 26 mm with D50=4.7 mm; Cu=11.33; Cc= 0.078 and ρd=2.0 kg/m3.The grain size 
distribution of this soil is shown in Figure 5-2-a. This soil is classified as GP or poorly 
graded gravel. The properties of both soils used in this research are shown in 
Table 5-2.  
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(a) (b) (c) 
(d) 
Figure 5-1 (a) to (c) Tests on physical properties of sand in the laboratory 
based on AS 1726-1993 (d) granular soil 
(a) (b) 
Figure 5-2 (a) Grain size distribution of soils (b) compaction test results for 
sand material 
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Table 5-2 Physical properties of soils 
Description Soil A Soil B 
D50 (mm) 0.32 4.7 
Coefficient of uniformity (Cu) 2.11 11.33 
Coefficient of concavity (Cc) 1.14 0.078 
Max. dry unit weight (kN/m3) 16.6 20 
Optimum water content (%) 13.5 5 
5.2.2 Cement 
A general purpose cement of AS 3972 has been used for sand stabilization. This 
cement is mainly used in different infrastructure constructions in civil engineering 
projects in Western Australia. Based on manufacturer catalogue the grey cement has 
minimum of 92.5% Portland cement and maximum of 7.5 % mineral and other 
additives. The results of compaction test for 5% cement and sand are illustrated in 
Figure 5-3. As illustrated cement-treated material has higher density and optimum 
moisture content compared to non-treated sand. These results are consistent with 
literature (Kitazume & Terashi, 2013; Sétra-LCPC, 2000). 
Figure 5-3 Compaction curve of cement-sand material 
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5.2.3 Pipe 
In urban services such as drainage sewer applications, pipe diameters vary widely. 
For this project a reasonable dimension for pipe representing a common flexible pipe 
has been chosen. The plastic pipes used in this research has 110 mm external 
diameter, 5.5 mm thickness and 220 mm length with a Standard Dimension Ratio 
(SDR)= D/t=20. The pipes were made of polyethylene (HDPE: high-density 
polyethylene), the manufacturer is Enviropipe (Enviropipes, 2015) and is illustrated in 
Figure 5-4. The properties of pipe are shown in Table 5-3 based on manufacturer 
catalogue. To prevent binding against the end walls and boundary condition impacts, 
the pipe was 10 mm less than the width of the tank. In order to prevent sand particles 
entering the pipe and to reduce friction between the pipe/tank faces, the two ends of 
the pipe were covered by plastic before being placed in the tank.  
Figure 5-4 HDPE Pipe used in the research 
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Table 5-3 Pipe properties (Enviropipes, 2015) 
Parameter Test Method Value for HDPE 
pipe 
Density, ρ (kg/m3) ISO 1183D , ISO 1872-ZB 955 
Tensile Modulus, Short Term 
(MPa) 
REF. AS/NZS2566 950 
Tensile Modulus, Long Term 
(MPa) 
REF. AS/NZS2566 260 
Poisson’s ratio, 0.4 
Yield strength (MPa) ISO527 23 
CHARACTERIZATION OF MATERIAL 
The experimental program summarized in Table 5-4 aims to investigate the 
characteristics of soil used in this research. Direct shear test was used to evaluate 
material behaviour. The samples were sheared by applying normal stresses at strain 
rate of 1 mm/min. To simulate the same condition, a consolidated–drained (CD) test 
is used to obtain the effective strength parameters of the soil under normal stress of 
50, 100 and 150 kPa. Then, in order to obtain reliable and realistic stress-strain 
characteristics of material a series of triaxial tests were conducted on sand.  
Table 5-4 test specifications on soil 
Variable Direct shear test Triaxial 
Normal stress (kPa) Confining pressure 
(kPa) 
Sand 50-100-150 50-100-150
Sand-cement --------- 
Curing time(days) 
Sand --------- --------- 
Sand-cement 1-7-28 days --------- 
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5.3.1 Direct Shear Test 
Since 1700’s, geotechnical researchers found out that most soil deformation is 
irreversible and principles of elasticity is not adequate for predicting soil behaviour. 
The direct shear test is commonly conducted to obtain the stress-strain relationship, 
together with the shear strength parameters (i.e. the cohesion c and the friction angle 
φ) under different normal stresses. In the following section, the methodology and 
results of direct shear tests performed on non-treated and cement-treated specimen 
are discussed. 
5.3.1.1 Specimen preparation and testing procedure 
The direct shear tests were carried out using a small direct shear apparatus (box size 
of 63.5 mm × 63.5 mm × 24 mm) according to AS1289.6.2.2 (Australian-Standard, 
2001). With reference to the direct shear test theory, the size of the sample is an 
effective factor for determining strength properties of the soil. In addition, the triaxial 
test was performed to calibrate the model and predict model response which will be 
explained later in this chapter. Two types of samples were prepared for direct shear 
test: pure and cement stabilized sands. Pure sand specimens were compacted at 
optimum moisture of compaction test and tested after one day. All cement stabilized 
specimen were treated with 5% cement at optimum moisture content and were 
compacted properly in direct shear box using a specific hammer as shown in 
Figure 5-5. After preparation, the treated specimens were stored in three different 
curing period of one, seven and 28 days in humid condition in which the shear box 
was covered with sealant to prevent moisture changes. It is noted various factors 
affect the strength of cement-treated soil and the key factors are cement content, 
water content, curing time and type of soil (Panda & Rao, 1998). Cement content was 
chosen to be 5% for backfill material. The soil type does not change in the research 
and kept as sand. The optimum water content was obtained from compaction test.  
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(a) (b) (c) 
Figure 5-5 (a) & (b) stages of sample preparation for cement-sand material (c) direct 
shear test device 
5.3.1.2 Test results 
To study the impact of cementation on strength of sandy soil, the results of direct 
shear test based on different times of curing are presented in the following section. 
All cement treated specimens with cement contents of 5% by weight of dry soil were 
prepared and cured at room temperature. Figure 5-6 shows the stress strain response 
for different treated and non-treated specimens conducted at a confining stress of 50, 
100 and150 kPa. Horizontal axis represents axial strain and vertical axis represents 
shear strength of specimens. In the provided plots, pure sand is represented by 
dashed line in the plot and cement-treated specimens are represented by continuous 
lines. Overall, the peak deviator stress of cement-treated specimens is higher than 
those of the non-treated specimens due to the effect of cementation bonds. For 
example, under normal stress of 50 kPa, pure sand yields at 40 kPa while 1-day 
cemented sample yield at 55 kPa. Moreover, as the normal stress increases, the peak 
shear strength of samples increases. Curing time improves soil behaviour and 7-day 
cemented samples have higher yielding strength. For example, a 7-day cement-
treated specimen under normal pressure of 150 kPa has the shear strength of 370 
kPa while 1-day cement-treated has 120 kPa shear strength. 
In terms of curing time impact on axial strain of samples, same results are 
concluded. For example, 1-day cemented samples have slightly lower shear strains. 
For non-treated samples, yielding is observed at an axial strain of 0.5 to 2% while for 
cement-treated samples yielding is observed at axial strains of 0.5 to 0.8 % for 7-day 
cured. These specimens have more brittle pattern compared to pure sand as their 
behaviour is no longer like sand to chemical reactions. In general, a nonlinear stress–
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strain behaviour reaching a peak shear strength at an early stage of shearing was 
observed for pure sand and 1-day cement-treated specimens. However, a linear 
response in the shear stress-axial strain plot is observed for 7-day cement-treated 
specimens. After the peak strength is reached, a sharp decrease in strength is 
observed. This behaviour suggest an elastic response up to the yield point.  
Figure 5-6 Shear test results 
Three Mohr’s circles corresponding to failure stresses obtained from the direct 
shear test results for all curing conditions are plotted in Figure 5-7 to Figure 5-10. It 
can be seen that, for pure sand the line intersects with the vertical axis at zero. The 
failure envelope for treated sand is steeper than non-treated samples. In other words, 
the critical state lines become steeper for cement-treated specimens. The shear 
strength of samples can be assessed using the internal friction angle and the cohesion 
of the specimens. The Mohr–Coulomb failure criterion is plotted as a straight line 
which is tangential to all three circles. 
Figure 5-7 Mohr-Coulomb failure criterion for sand 
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Figure 5-8 Mohr-Coulomb failure criterion for 1-day cement-treated sand 
Figure 5-9 Mohr-Coulomb failure criterion for a 7-day cement-treated sand 
Figure 5-10 Mohr-Coulomb failure criterion for a 28-day cement-treated sand 
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The soil strength parameters are calculated and results are illustrated in 
Table 5-5. Although it is suggested in some references that the failure envelope of 
cemented soil is not linear over a wide range of confining pressure (Lade & Overton, 
1989), a straight line strength envelope was used to define friction angle and cohesion 
intercepts as only three normal stresses were used in this research. It can be seen 
from the table that soil strength parameters are influenced significantly by time. In 
addition, cementation improves soil shear strength and angle of friction. For example 
cohesion of 1-day cemented sample is higher than those related to pure sand. 
Table 5-5 Summary of peak shear strength parameters 
samples Peak friction angle Cohesion (kPa) 
Pure sand 29 0 
1-day cement-treated 34 8 
7-day cement-treated 36 16 
28-day cement-treated 39.5 30 
To assess the impact of stabilization and curing time, the strength of all 
samples at different normal stress and curing times of 1, 14 and 28 days are shown 
in Figure 5-11. Overall, all samples become stronger with increasing normal stress. 
Cementation increases shear strength of samples and the longer curing time, the 
higher is shear strength. For example, one day cemented sand under normal stress 
of 100 kPa, has shear strength of 106 kPa while pure sand yields at 75 kPa. In other 
words, cementation improves soil property and shear strength increases 40% after 
only one day curing. Increasing curing time, increases shear strength of the soil 
significantly. For example, shear strength of samples are 106 to 150 and 350kPa 
when curing time increases from 1 to 7 and 28 days, respectively. Results presented 
here are consistent with those presented in the literature in terms of curing time impact 
of cementation (Kido et al., 2009; Kitazume & Terashi, 2013; Mosadegh. et al., 2017; 
Yoshizawa H. et al., 1997). 
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Figure 5-11 Cementation and curing time impact on soil shear test 
In order to compare the effects of curing time on mechanical behaviour of the 
sand, shear strength parameters such as cohesion and angle of friction were selected 
to be analysed. The soil strength parameters φ and c are obtained from the slope and 
intercept of the Mohr-Coulomb failure criterion, respectively. A dual axis chart is used 
for better understanding of the trends of each parameter versus curing time. To 
assess the impact of curing time on strength properties of sand, two values were 
determined. These values are represented as change of φ (which is shown on the left 
Y-axis) and the ratio of C2/C1 (which is shown on the right x-axis).  Change of φ is the
extent to which friction angle gains strength by comparing initial value of friction angle
(for pure sand) and final value (for treated sand) at given curing time. Ratio of C2/C1 
is the ratio of cohesion of treated sample to cohesion of non-treated samples.
The impact of curing time on friction angle and cohesion of cemented samples 
is investigated and results are shown in Figure 5-12. The impact of early age of curing 
time can be seen in this figure. The gaining strength rate increases at initial ages of 
curing but slows down for longer curing time. Overall, both angle of friction and 
cohesion increase with curing time. For example, there are 40 and 60% increase in 
friction angle for samples cured for 7 and 28 days. This value for samples at one day 
of curing time is only 8%. The ratios of cohesion of cement-treated to untreated 
samples are 20, 44 and 58 for 1-day, 7-day and 28-day samples, respectively. These 
values show the importance of stabilization and curing time on increasing cohesion of 
material. 
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Figure 5-12 Importance of curing time on behaviour of soil 
5.3.2 Triaxial Test 
In order to obtain the reliable stress-strain characteristics for numerical modelling it 
was decided to conduct three triaxial tests on pure sand. Triaxial tests were carried 
out under same conditions as direct shear tests, consolidated drain condition at 
confining pressures of 50, 100 and 150 kPa. Specimens were prepared by mixing soil 
and water to produce homogeneous specimens. Specimens were compacted in 
layers in 65-mm diameter, 130-mm high cylindrical mould, to a dry unit weight of 16.5 
kN/m3, and at an optimum moisture content of 13.5%, corresponding to the average 
values obtained in standard Proctor compaction tests as illustrated in Figure 5-13 . 
The static drained triaxial tests were carried out under full saturation, for the confining 
stresses of 50, 100, and 150 kPa based on ASTM D4767 (ASTM-D4767, 2011). Soil 
specimen was saturated by circulating water through the specimen, from bottom to 
top, utilizing the two drainage tubes shown in Figure 5-13-b. In CD test the deviator 
stress σd = σ1 − σ3 was applied very slowly while the drainage valves were opened, to 
ensure that no excess pore water pressure was generated. Consequently, the 
effective stresses are equal to the total stresses during test. Because of its stringent 
loading requirements, the CD test may take days to carry out, making it an expensive 
test. The results of triaxial tests are shown in Figure 5-14. Note that εa is the axial 
strain and σ1 − σ3 is the deviator stress and sandy soils have smooth nonlinear stress–
strain behaviour in these tests. 
119 
(a) (b) (c) 
Figure 5-13 (a) sample preparation (b) triaxial test setup 
Figure 5-14 Triaxial test results on non-treated sand 
Three Mohr’s circles corresponding to failure stresses from triaxial test results 
are plotted in Figure 5-15. It can be seen that, the failure line intersects with the vertical 
axis at zero with the same friction angle as direct shear test.  
Figure 5-15 Mohr-Coulomb failure criterion for pure sand –triaxial test results 
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The results of triaxial tests can also be used to estimate initial elastic modulus 
of soil. As noted by Ducan (1970) after plotting ε1 vs ε1/σ1-σ3 where ε1 is axial strain 
and σ1-σ3 is deviatoric stress, the single line through scatter data can be used to 
calculate initial Young’s modulus. The intercept of each line is equal to 1/Ei. This 
approach of estimating Young’s modulus was repeated for each test and the results 
for different tests are shown in Figure 5-16-a. Then the calculated Young’s modulus 
for each test is plotted versus confining pressure and results are shown in Figure 5-16-
b. The results indicate that the initial modulus of sand is a function of mean stress
applied on the soil. It can be seen that Young’s modulus varies with confining pressure
and for specific confining pressure the Young’s modulus can be interpolated. These
findings are consistent with findings of other researchers (Cameron, 2005; Karimian,
2006)
(a) (b) 
Figure 5-16 (a) Determination of the initial elastic modulus for different confining 
pressures (b) variation of initial elastic modulus calculated from triaxial tests  
5.3.3 Pipe Deflection Measurement in Laboratory 
Pipe deflection can be determined from equations or in the laboratory. In order to 
model pipe behaviour a compressive load in axial direction was applied through a 
plate on pipe crown. Marshall Stability machine CL40580 was used to apply load with 
the load cell limit of 50 KN as shown in Figure 5-17. Pipe had a length of 200 mm and 
the load was controlled and increased by the operator and radial deformations were 
measured by two LVDTs installed on the pipe. In addition, four strain gauges were 
installed on crown, invert and cross line of pipe to measure pipe strain under applied 
load. The reason to have LVDT and strain gauges installed on pipe is to establish a 
relationship between reading of strain gauges and pipe deflection. It should be noted 
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that in the current project, the buried pipe is under traffic load parallel to the force. 
Therefore, the load in the pipe deflection test was only applied in axial direction. The 
time for stress relaxation was also applied and it was observed that pipe returns to its 
initial position after few hours of resting.  
(a) (b) (c) 
Figure 5-17 Strain gauges positions on the pipe (b) test setup before the test (c) 
after deformation  
The results of strain gauges readings versus time are illustrated in Figure 5-18-
a. Positive values are related to strain gauges under tension and negative values are
for those under compression. It can be seen that, under a given applied load all strain
gauges behave in the same manner and by increasing the applied load, strain gauges
read higher values. At 3500 s all strain gauges read their maximum absolute values
and after this point there is an unloading. After unloading, all strain gauges merge to
almost the same value of zero though it takes almost 1000 seconds of unloading to
reach to zero. It is helpful to put multiple data trends onto one graph to be interpreted
easily. Figure 5-18-b shows combination of pipe strain and radial displacement versus
time. Dashed line and solid lines represent LVDT and strain gauges at pipe crown
reading, respectively. These results show that reading from strain gauge reading at
pipe crown. Developing relationship between these two variables to predict pipe
deflection based on strain gauge reading will be discussed later. Results of pipe
deflection under various loads are shown in Figure 5-19. As illustrated there is a linear
relationship between these two variables and increasing load from 160 to 850 kPa
increases the pipe deflection from 1 to 8%.
122 
(a) 
(b) 
Figure 5-18 Measured strain at 4 points (b) comparison of radial deformation and 
strain gauge measurements 
Figure 5-19 Ring deflection versus applied load and pressure 
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Figure 5-20 illustrates the results of pipe vertical deflection versus strain gauge 
reading. Horizontal axis represents change of strain gauge and vertical axis 
represents vertical deflection. As shown, there is a linear relation between and 
circumferential strain (CS) and vertical diametric strain (VDS) as shown in 
Equation 5-3:  
VDSv=CS x 0.00045 5-3
In which CS is reading of strain gauge (µmm/mm) at pipe crown and VDS is 
the predicted vertical diametric displacement at top of pipe. For example when strain 
gauge shows value of 12044, the VDS of pipe is 5% for which LVDT reading for pipe 
diametric change is 6 mm. It should be noted VDS in vertical direction equals to Δ/D 
in which Δ is LVDT reading. Another equation from finite element and lab analysis is 
the relationship between horizontal diametric change of pipe and reading of SG2 and 
SG3 which will be discussed in section 5.4. 
Figure 5-20 Relationship between recorded strain gauge and vertical deflection of 
pipe 
PREDICTING PIPE RESPONSE 
Deflection is a design parameter for flexible pipelines. All flexible pipes should have a 
design deflection limit as their performance limit considering a safety factor. 
Schematic diagram of a flexible pipe deflection is illustrated in Figure 5-21. There are 
various methods for predicting the behaviour of pipe including strain and pipe 
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deflection due to loads. In this research, empirical and finite element methods are 
used to predict pipe behaviour which are discussed in the following sections.  
Figure 5-21 Ring deflection of a flexible pipe (Moser, 2001) 
5.4.1 Empirical Method 
The strain of a plastic flexible pipe can be calculated through the following equation 
under combined load (Moser, 2001): 
𝜀𝜀 = 𝑃𝑃𝑃𝑃2𝐸𝐸𝐸𝐸 + 6 � 𝐸𝐸𝑃𝑃�𝑋𝑋 �𝛥𝛥𝛥𝛥𝛥𝛥 � 5-4
In which P is internal pressure, D is pipe diameter, E is Young’s modulus of 
pipe, t is pipe thickness, and Δy is total vertical diametric displacement of pipe. For 
any given load, calculations were made to predict pipe strain based on different pipe 
deflection values and results are shown in Figure 5-22. As there is no combined load 
and the pipe is under compression load only, the first part of Equation 5-4 equals to 
zero. 
Figure 5-22 Empirical method results 
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5.4.2 Finite Element Method 
The finite element method has shown to be successful in predicting pipe behaviour 
(Moser, 2001). Recently, in a research performed at Utah State University it was 
shown that the finite element method is the most successful method in the prediction 
of the behaviour of large-diameter HDPE pipes (Moser, 2001). In addition, finite 
element methods are convenient alternatives to overcome the problems associated 
with different assumptions in empirical and analytical methods (NCHRP, 2009). A 
finite element model was built to measure pipe deflection and strains. Pipe material is 
assumed to be isotropic and linear elastic with Young’s modulus of 960 MPa and 
Poisson ratio of 0.40 with tensile yield stress of 23 MPa. As the impact of 
viscoelasticity or temperature and time are not considered in this research, elasticity 
and Poisson ratio are not changing. Element type is a three- dimensional elements 
shell elements (S4R) with linear shape function and reduced integration as shown in 
Figure 5-23. It should be noted that pipes can achieve their flexibility through a shell-
type behaviour, responding to bending loads with significant ovalization of the pipe 
cross-section. This is in contrast to the beam response of straight pipes, where the 
cross-section does not deform a significant extent. The model was generated in two 
stages. In the first step, which is the initial condition, all boundary conditions were 
defined. In the next step, a downward compressive load was applied as a distributed 
load on top of a steel plate located at pipe crown. It should be noted the duration of 
this step was long enough to avoid sudden collapse of numerical modelling and to be 
consistent with laboratory analysis. 
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(a) (b) (c) 
Figure 5-23 (a) Boundary condition of pipe and its support (b) direction of load 
(c) FE mesh
The deformed pipe under pressure of 600 kPa or 1400 N is shown in 
Figure 5-24. It is illustrated that pipe has maximum radial deformation of 5.06 mm at 
its crown based on ABAQUS results. True measurement of deformation under 1400 
N vertical load was 5.30 mm radial deformation in laboratory which shows a good 
agreement between numerical modelling and experimental results.  
(a) 
(b) 
Figure 5-24 Results for FE analysis for compression load of 1400 N # 600 kPa 
(a) Pipe radial deformation (b) strain
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Figure 5-25 illustrates displacement variations in both vertical and horizontal 
directions. It can be seen that three main sections exist in the graph. Horizontal 
displacement, U1, is maximum at the middle section (2 mm), while vertical 
displacement is maximum on the left section (4.8 mm). Both graphs converge on the 
bottom of pipe to zero which means both horizontal and vertical displacements on the 
bottom of pipe is minimum almost equals to zero.  
Figure 5-25 Finite element results of displacement along pipe circumference under 
1400 N load 
Maximum displacements occur at pipe crown and springline for U2 and U1, 
respectively. It can be seen when a 5 cm vertical diametric displacement occurs on 
pipe crown, the horizontal displacement at pipe springline is about 2.1 mm. In addition, 
strain of pipe at these two points are 0.010 and 0.0055 based on numerical results 
data. For these points, the experimental results of strain gauges 2 and 3 at pipe 
springline 45o and 270o were 0.006 and 0.0057, respectively showing the consistency 
between numerical and experimental results. For each applied load, load-
displacement and load-strain curves are plotted for both numerical and experimental 
analysis as shown in Figure 5-26. Figures 5-26 and b are related to strain gauge 
reading of pipe at pipe crown and springline, respectively. It is clear that results of 
finite element analysis and experimental results are consistent. These results were 
used to develop a relationship between strain gauges reading and horizontal 
deflection of the pipe.  
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(a) 
(b) 
Figure 5-26 Comparison between lab and FEM results (a) SG1 (b) SG2 & 3 
For any given load, SG2 reading and displacement in X direction were 
calculated and results are shown in Figure 5-27. It can be seen that there is a linear 
relationship between the two variables and Equation 5-5 is developed to relate these 
variables. The horizontal deflection of pipe is calculated from Equation 5-5:  
HDS=CS x 0.000225 5-5
In which CS is reading of strain gauge at pipe springline and HDS is predicted 
horizontal diametric strain at pipe springline. For example, under 1400 N load or 600 
KPa, the reading of strain gauge 2 is 5700 µmm/mm or 0.0057 mm/mm which shows 
the Δ equals 1.7 mm or total horizontal displacement of 3.4 mm. This value equals to 
vertical deflection of 2.5% based on 5-5.  
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Figure 5-27 Strain gauge reading versus horizontal displacement (SG2) 
5.4.3 Comparison of Results Using Different Methods 
For six applied load, pipe strain was calculated using different methods and results 
are shown in the previous sections. For verification, the strain calculated through 
these methods are compared and results are presented in Figure 5-28. It can be 
observed that there is a good agreement among the results obtained from different 
methods. 
Figure 5-28 Comparison of the results of three methods 
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REPRESENTATION OF MATERIAL PROPERTIES 
Three types of materials are used in the current project. The model parameters 
are shown in Table 5-6. The Mohr-Coulomb and Drucker-Prager models are used 
to represent the backfill material in cement-treated and non-treated conditions. It 
is worth noting that for plane strain considerations, the Mohr‐Coulomb parameters 
and Drucker‐Prager parameters can be converted to each other based on the 
existing formulations. The method is explained in Appendix C and results of 
converting material properties are illustrated in Table 5-6. To simulate the granular 
soil subgrade and pipe, elasto-plastic constitutive models are also used as shown 
in the following table. It should be noted material properties of granular base 
materials are provided from existing sources in Curtin Pavement and Geotechnics 
laboratory as these materials are commonly used for simulating pavement for 
research works. 
Table 5-6 Properties of materials used in the research 
Materials 
Model and parameters* Density 
(Kg/m3) E (MPa) ν 
Backfill  soil* Mohr Coulomb φ =29o, c= 0 kPa 1650 10 0.35 
Cement-
treated 
Mohr Coulomb φ= 36 o, c= 16kPa 1875 60 0.35 
Granular base 
material 
Elasto-Plastic Compressive 
strength =1.5 MPa 
2200 200 0.4 
HDPE pipe Elasto-Plastic Yield stress =23 
MPa 
955 816 0.46 
* Corresponding Drucker-Prager Β=40 o, K=1, d<1 kPa
SUMMARY OF THE CHAPTER 
Understanding the behaviour of soil and pipe is important in analysing the buried pipe 
response under various loading conditions. Therefore, a series of tests were 
performed to define important material strength for sand backfill, cement-treated sand 
and flexible pipe. The results of laboratory tests conducted to characterize material 
properties and predictions using empirical methods were discussed in this chapter.  
Some key findings from this chapter are summarised as below: 
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• Characterization of backfill material for both pure sand and cement treated
specimens was investigated using direct shear tests. Overall, the strength of
cement-treated samples is higher than those non-treated.
• To assess the impact of curing time on shear strength of material, all treated
specimens were cured at different curing times of 1, 7, and 28 days at room
temperature. As it is expected the curing time has a significant effect on the
improvement of strength properties of cement-treated material.
• To obtain more reliable data, triaxial tests were conducted on pure sand
samples to compare with direct shear test results. Results were consistent
with the results obtained from direct shear test for sand. The results of triaxial
tests were also used to calculate initial elastic modulus of soil.
• It is essential to find a relationship between measured circumferential strain
on pipe and pipe deflection. For this purpose a compressive loading test was
carried out using a compression testing machine to measure vertical
diametrical change of pipe (measured with LVDT) and wall circumferential
strain at crown and bottom of pipe (measured with two strain gauges). The
relationship between measured circumferential strain, CS, and pipe deflection,
VDS, was derived.  Equations were also developed for both vertical and
horizontal directions.
• To predict pipe behaviour, a FE model was developed to measure pipe
deflection and strains. For validation, results obtained from experimental and
numerical analysis were compared with those calculated from empirical
method. It was observed there is a good agreement among the results
obtained from different methods.
In the next chapter, the results from experimental and numerical analysis for
both static and cyclic tests will be presented. 
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6 RESULTS 
EXPERIMENTAL AND NUMERICAL 
Some parts of this chapter were published as journal paper as below: 
Mosadegh. A; Nikraz.H , BURIED PIPE RESPONSE SUBJECTED TO TRAFFIC 
LOAD EXPERIMENTAL AND NUMERICAL INVESTIGATIONS, International 
Journal of GEOMATE, Nov., 2017, Vol.13, Issue 39, pp.01-08, ISSN:2186-2990, 
Japan, DOI: https://doi.org/10.21660/2017.39.91957 
INTRODUCTION 
This chapter presents the results from buried pipe tests due to traffic loading as well 
as findings from numerical simulations. The laboratory tests and simulations were 
carried out on the pipe buried in both non-treated and cement-treated sand.  
In the first section, research approach will be discussed. Then, laboratory test 
results will be presented starting with ultimate bearing capacity test results. Then, the 
impact of traffic load and pipe burial depth on the model response will be 
experimentally investigated during initial and cyclic phases. Experimental test results 
will be followed by the results of numerical analysis. The overview of chapter is 
illustrated in Table 6.1.  
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Table 6-1 Chapter overview 
Investigated factor Test 
conditions 
Test series no. Analysis method Section 
Bearing capacity 
of loading plate 
Non-treated 1 
Experimental and 
numerical  
6.2.1, 0 
Cement-
treated sand 
2 6.2.2, 6.3.2 
Model response 
during initial 
phase 
Non-treated 3 
Experimental and 
numerical  
6.2.3, 6.3.3 
Cement-
treated sand 
4 6.2.4 
Model response 
during cyclic 
phase 
Non-treated 5 
Experimental only 
6.2.6, 6.2.7 
Cement-
treated sand 
6 6.2.7 
EXPERIMENTAL TESTS 
The laboratory test program consists of twenty seven tests using a flexible HDPE pipe 
to investigate the effects of burial depth, surface pressure and number of cycles on 
the soil and pipe performance. The tests include twelve static and twelve cyclic as 
well as bearing capacity investigations. Similar to any research program, the 
repeatability of test procedure was performed to establish the testing technique. 
The results of two repeated load test with same initial conditions and magnitude of 
250 kPa at H/D=1 for cement-treated case are illustrated in Figure 6-1. As illustrated, 
the maximum values of VDS and SSS for two tests are almost the same. For example, 
maximum VDS at 300th second is 0.82 which is the same for trial 1 and 2. However, 
the minimum value has minor difference. These figures show that the developed 
procedure and technique of these tests are reliable.  
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(a) (b) 
Figure 6-1 Repeatability of tests (a) VDS (b) SSS diagrams 
6.2.1 Test Series Number 1: Bearing Capacity of Non-treated 
The bearing capacity of footing on sand was investigated using load control method. 
The aim of this test is not to analyse failure criteria or failure mode of footing but to 
identify the maximum load that can be applied on the soil. Thus a downward load was 
applied on top of the soil under footing to examine collapse load of the footing. It 
should be noted that the duration for this load was chosen to be 65 seconds to avoid 
sudden collapse of soil mass. The experimental setup and loading plate was 
presented in Chapter 4. Data acquisition is through one LVDT located on loading plate 
and from UTM25 and strain gauges installed at different points on the pipe 
circumference to capture soil and pipe deformations. Specifications of all these 
equipment and testing tank are the same as those presented in Chapter 4.  
Failure mode of footing laid on pure sand is shown in Figure 6-2-a. As 
illustrated, the failure planes have developed clearly from the edge of footing to the 
ground surface and can be identified by the changes in the grid markers. Results of 
bearing capacity tests are illustrated in Figure 6-2-b. A prominent peak of 550 kPa 
can be seen and after the peak, the vertical displacement increases although the load 
decreases. Different modes of failure is shown in Figure 6-2-c. The general shear 
pattern failure, local shear failure and punching shear failure can be observed (Vesic, 
1973). Based on these results, it is concluded that general failure was observed for 
the loading plate on dense sand. 
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(a) 
(b) 
(c) 
Figure 6-2 (a) Bearing capacity failure (Mosadegh & Nikraz, 2017)(b) load–
displacement curve (c) modes of bearing capacity failure after Vesic : general, local 
and punching failure (Vesic, 1973) 
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The impact of compaction and material density on bearing capacity of soil was 
also investigated. For this purpose, another test was performed on a sandy material 
with a relative density of 75 percent. Figure 6-3 compares the results of bearing 
capacity for dense and loose sand. Vertical axis represents bearing capacity and 
horizontal axis represents normalised displacement. Dashed line illustrates results of 
loose sand and triangle marker represents result of dense sand. It can be seen that 
footing ultimate bearing capacity dropped from almost 600 kPa for dense sand to less 
than 120 kPa for loose material which is less than 250 kPa, the considered applied 
traffic load for this project. This means the loose with the relative density of 75 percent 
cannot be used for this study.  
Figure 6-3 Impact of compaction on bearing capacity of non-treated trench material 
6.2.2 Test Series Number 2: Bearing Capacity of Cement-treated 
In this section, the impact of stabilization on bearing capacity of footing on cement-
treated material is investigated. The depth of cement treated layer was chosen as 
l=H/3 and a downward load of 25 KN or 1400 kPa was applied in 65 seconds. Results 
are presented in Figure 6-4. Figure 6-4-a compares bearing capacity of non-treated 
and cement-treated sand. It can be seen that adding cement increases the bearing 
capacity from 600 kPa to almost 1100 kPa. In addition, by adding cement, the footing 
normalised displacement decreases to one quarter of its value, dropping from 0.04 to 
0.01. It is noted that reducing footing displacement at specific stress level is an 
important aim of stabilization besides increasing bearing capacity value. Figure 6-4-b 
compares pipe deflection for non-treated and cement-treated sands. As shown, pipe 
deflection decreases from 6% to 1% after adding 3 cm of cement-treated material on 
top of sand. It means there is 83% reduction in pipe deflection after adding cement to 
the material. Figure 6-5 compares the bearing capacity and pipe vertical deflections 
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of all three cases. It can be seen that both compaction and stabilization have 
significant impact on reducing pipe deflection and increasing bearing capacity of the 
material.  
(a) 
(b) 
Figure 6-4 (a) Comparing results of (a) maximum bearing capacity (b) maximum 
deflection of buried pipe for non-treated and cement-treated soil 
Figure 6-5 Comparison of three cases 
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6.2.3 Test Series No 3: Initial Phase - Non-treated 
Large portion of pipe deformation and soil surface settlement occurs at the end of first 
cycle. Therefore, static tests were performed to investigate surface settlement and 
pipe behaviour at the end of first cycle. Static load was applied during 65 seconds to 
avoid sudden collapse of soil under loading plate. Then, the influences of surface 
pressure and pipe burial depth on soil surface settlement, pipe deflection and soil 
pressure at pipe crown were investigated. Results are presented in Figure 6-6 to 
Figure 6-8. Solid and dashed lines represent pressure of 400 and 250 kPa, 
respectively. The no marker, triangle and diamond marker illustrate burial depth of 
1D, 1.5D and 2.5D, respectively. The information of each test is shown in the legend 
for each graph. Each symbol consists of two parts representing information on burial 
depth and surface pressure.  
Figure 6-6 illustrates pipe deflection versus time for all non-treated cases 
during initial phase. It can be seen that pipe deflection varies with change of burial 
depth and surface pressure. Higher surface pressures and shallower burial depths 
cause higher pipe deflections. For example, maximum deflection of 2.5 % occurs 
when burial depth is minimum at H=1D and surface pressure is maximum at 400 kPa. 
Figure 6-7 shows soil surface settlement variation versus time. Overall, higher 
surface pressure causes higher surface settlement as expected. In addition, soil 
surface settlement increases when burial depth increases. It can be seen that 
maximum surface settlement occurs while surface pressure and burial depths are 
maximum. For example, maximum SSS of 5 mm occurs under surface pressure of 
400 kPa at H=2.5D. 
For each test, increase in vertical stress was measured at pipe crown during 
initial phase. The results are shown in Figure 6-8. As expected, surface pressure of 
400 kPa causes more earth pressure at pipe crown compared to pressure of 250 kPa. 
Moreover, maximum pressure at pipe crown occurs while burial depths is minimum. 
As shown in the graph, maximum pressure at pipe crown is 220 kPa happening under 
surface pressure of 400 kPa at H=1D.   
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Figure 6-6 Pipe deflection versus time –pure sand 
Figure 6-7 Surface settlement versus time –pure sand 
Figure 6-8 Pressure at pipe crown versus time –pure sand 
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6.2.4 Test Series No 4: Initial Phase - Cement-treated 
Static tests were also performed to investigate pipe behaviour during initial phase for 
cement-treated material and results are presented in this section. Rate of applying 
static load is the same as previous section. Results are presented in Figure 6-9 to 
Figure 6-11. In all figures, the horizontal axis represent time and vertical axis 
represent change of VDS, SSS and earth pressure on pipe, respectively. Moreover, 
all legend symbols consist of two parts representing burial depth and applied surface 
pressure. For example, 2.5- 400 is referring to test condition of H=2.5D under surface 
pressure of 400 kPa. 
The results of tests on pipe deflection buried in cement-treated sand during 
initial phase are presented in Figure 6-9. It can be seen that pipe deflection varies 
with change of burial depth and surface pressure. Maximum deflection of 1.2 % occurs 
when burial depth is minimum at H=1D and surface pressure is maximum or 400 kPa. 
Minimum deflection occurs under surface pressure of 250 kPa and burial depth of 
H=2.5D. 
Figure 6-10 shows the results of soil surface settlement under different surface 
pressure for different burial depths. It can be seen that maximum surface settlement 
occurs while surface pressure is maximum and burial depth is minimum. Maximum 
SSS occurs under surface pressure of 400 kPa at H=1D.  
Results of soil pressure at pipe crown under different surface pressure for 
different burial depths are illustrated in Figure 6-11. It can be seen that under a given 
surface pressure, the pressure on pipe decreases when burial depth increases. For 
example, under surface pressure of 400 kPa, when burial depth increase from H=1D 
to H=1.5 and 2.5D, stress on pipe drops from 176 kPa to 82 and 73 kPa, respectively. 
Also for a given burial depth, a higher stress on pipe occurs under higher applied 
surface pressure. For example, for a burial depth of H=1.5D increase of surface 
pressure from 250 to 400 kPa increase the stress on pipe from 47 to 61 kPa. 
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Figure 6-9 Pipe deflection versus time –cement-treated sand 
Figure 6-10 Soil surface settlement versus time – cement-treated sand 
Figure 6-11 Stress on pipe versus time – cement-treated sand 
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6.2.5 Pipe Deformation Mode 
More output can be derived from initial phase test results to investigate the mode of 
pipe deformation. Figure 6-12 represents the variation of maximum deflection in both 
vertical and horizontal directions. Horizontal axis represents test number and vertical 
axis represents calculated deflections. The information of each test is shown on the 
legend which consists of two parts representing test condition and direction of 
measuring strain. For example, NC-V is referring to strain measurement during the 
test on non-cement treated sand in vertical direction. It can be seen that the pipe has 
higher deflection in vertical direction compared to horizontal for both cases. Results 
also reveal that both surface pressure and burial depth have impact on horizontal as 
well as vertical deflections. It can be seen that both horizontal and vertical pipe 
deflections are maximum under shallower burial depths and higher surface pressures.  
Modes of pipe deformation can be illustrated graphically based on the results 
from all strain gauges attached to the pipe at different positions. Pipe deformation 
modes are illustrated in the Figure 6-12-b. It should be noted that test conditions are 
shown in the legend adjacent to each figure. For example, value 1 in the legend 
represents the test under surface pressure of 250kPa at H=1D. Overall, the 
deformation of pipe buried in non-treated sand is higher compared to cement-treated 
one. For example, maximum strain measured at pipe crown for non-treated case is 
almost 4000 µmm/mm. This value drops to less than 1500 µmm/mm after 
stabilization. In addition, for both cases pipe at H=1D and under surface pressure of 
400 kPa have the highest deformations illustrated as symbol of 4 on the figure. For 
example, for non-treated trench material, the maximum strain measured for case 
number 4 is 3500 µmm/mm and pipe tends to deflect to heart shape as shown in the 
figure. The pipe shape almost remains unchanged in case number 3 in which it is 
buried at H=2.5D under 250 kPa. In this case very small strains were recorded by all 
starin gauges.   
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Figure 6-12 Comparison of strain in horizontal and vertical directions for (a) non-
treated (b) cement-treated sands 
(a) 
Non-treated sand 
Cement treated sand 
(b)
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6.2.6 Test series No 5: Cyclic Phase – Non-treated 
A series of tests were carried out to investigate the buried pipe response under 
repeated loading conditions. It should be noted that 500th cycle is chosen as a 
benchmark to compare results of cyclic tests. Some tests were stopped before 
reaching cycle 500th or at 2000 seconds. This is because there was a limitation of 
travel distance in UTM 25 machine meaning the maximum settlement happening on 
soil surface during tests has reached 50 mm. Therefore, if soil surface settlement 
reaches 50 mm the test would stop automatically. The change in pipe deflection, 
surface settlement and soil pressure on pipe under various conditions were 
investigated and results are presented in this section. 
6.2.6.1 Vertical Diametric Strain (VDS) 
The change in pipe deflection versus number of cycles for pure sand is illustrated in 
Figure 6-13. Overall, maximum VDS decreases when H/D increases. As shown in 
Figure 6-13-a at 200th cycle under surface pressure of 250 kPa, maximum VDS is 1.8 
% and 0.5% for H/D=1 and H/D=2.5, respectively. The same result is concluded for 
surface pressure of 400 kPa. VDS decreases from 5% to 1.5% when burial depth 
increases from H=1D to H=2.5D. It means increasing burial depth from H=1D to 
H=2.5D decreases pipe deflection by 73%. 
 In addition, the variation of VDS is more significant for shallower burial depths. 
For example, the variation or the difference between maximum and minimum value 
of VDS at each cycle is 1% for burial depth of H=1D. This value drops to 0.1% for 
burial depth of H=2.5D under surface pressure of 250 kPa. Figure 6-13-b shows a 
clearer view of the VDS variation at each cycle which is extracted as the zoom layout 
from Figure 6-13-a. Overall, the range of VDS variation is higher for shallower burial 
depths and it decreases as burial depth increases. The red dashed bracket in the 
Figure 6-13-b shows variations of VDS at cycle 100. It can be seen that the difference 
between maximum and minimum deflection of pipe at 100th cycle are 2% and 0.4% 
for H=1D and H=2.5D, respectively. These results reveal that under shallower burial 
depths VDS variations of pipe is an important factor to be considered besides its 
maximum absolute value. This factor can be used to investigate plastic deformation 
of pipe in cyclic loading.  
Hysteresis loops of load–VDS can be used as an indicator of the mechanical 
responses of the materials. These graphs of VDS for all cases during the first 20 
cycles are calculated and shown in Figure 6-13-c. It can be seen that under a given 
surface pressure, the deeper the pipe the closer the hysteresis loop. This verifies the 
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result of previous paragraph indicating that for shallower burial depth, range of VDS 
variation is larger. Under surface pressure of 400 kPa, VDS varies between 0.75 to 
1.1% at burial depth of H=2.5D. This value for shallower depth of H=1D is between 
1.7 to 3.7%. This means, during 20 first cycles the variation of VDS for shallower burial 
depth is 2% and for deeper burial depth of is 0.7%.  
(a) 
(b) 
(c) 
Figure 6-13 (a) VDS versus number of cycles at different burial depths (b) zoom 
layout of part  a (c) hysteresis graphs for 20 cycles 
VDS variation=2% 
VDS variation=0.4% 
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6.2.6.2 Soil Surface Settlement (SSS) 
The change in soil surface settlement versus number of cycles under surface load of 
250 and 400 KPa at three different burial depths is shown in Figure 6-14. Horizontal 
axis represents number of cycles and vertical axis represents SSS variations. Overall, 
SSS increases when H/D increases. For example, under surface pressure of 400 kPa, 
increasing burial depth from H=1.5D to H=2.5D increases SSS from 25 to 35 mm at 
cycle 200th. In addition, increase of surface pressure increases SSS significantly. For 
example, increase of pressure from 250 to 400 kPa at depth of H=1D increases SSS 
from 15 to 49 mm at cycle 200th. To show how maximum and minimum value of SSS 
varies at each cycle, Figure 6-14-b is prepared. This is a zoom layout of Figure 6-14-
a to better view SSS variation under different conditions. Overall, the range of SSS 
variation for all cases is almost the same although this value is slightly higher for 
shallower burial depths and for higher surface pressures. In addition Figure 6-14-a 
and b can be compared to investigate soil surface variations at cycles 50th and 500th. 
As mentioned, SSS increases when H/D increases for majority of cases. As illustrated 
in Figure 6-14-a SSS increases when H=D increases except for H=1D under surface 
pressure of 400 kPa. For example, at cycle 200th, the value of SSS is higher for H=1D 
than H=2.5D. However, during the first cycles, the condition is different as shown in 
Figure 6-14-b. In other words, during first 40 cycles as shown with red dashed line, 
increase of H/D increases SSS for all cases. After cycle 40th, increase of burial depth 
increases SSS for all cases except H=1.5D; 400 kPa. Future studies is recommended 
to investigate the reason for this exception and how number of cycles could change 
the model behaviour.   
Figure 6-15 shows hysteresis behaviour of footing under surface pressure of 
250 kPa at H=1D. It can be seen that with increasing number of cycles, hysteresis 
loops become less open. Results reveal that SSS hysteresis graphs move to the right 
even after 500 cycles which means soil surface still undergoes deformation or SSS 
still increases even after large number of cycles. 
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(a) 
(b) 
Figure 6-14 soil surface settlement versus number of cycles for all non-cemented 
cases 500 and 50 cycles (b) zoom lay out of SSS 
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(a) 
(b) 
Figure 6-15 Hysteresis curve of SSS (a) during first 200 cycles (b) SSS variations at 
given cycles  
6.2.6.3 Vertical Stress (σ) 
For each test, increase in vertical stress was measured at pipe crown during cyclic 
phase and results are shown in Figure 6-16-a and b. Overall, surface pressure of 400 
kPa causes more pressure at pipe crown compared to pressure of 250 kPa as 
expected. Moreover, maximum pressure at pipe crown occurs while surface pressure 
is maximum and burial depths is minimum. In other words, impact of live load is more 
significant under shallower burial depths and higher pressure occurs on pipe crown 
at lower burial depths. For example, under surface pressure of 250 kPa, maximum 
pressure on pipe crown is 140 kPa at H=1D as shown in Figure 5-20-a. In addition, 
variation of stress on pipe crown is negligible and remains almost steady during 
cycles. 
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(a) 
(b) 
Figure 6-16 Impact of increase in vertical stress on pipe crown stress (a) 250 (b) 400 
kPa 
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6.2.7 Test Series No 6: Cyclic Phase – Cement-treated 
In this section the test results of cyclic load impact on buried pipe response in cement-
treated trench material is presented. Similar to previous section cycle 500th is chosen 
as a benchmark to compare the results. The change in pipe deflection, surface 
settlement and soil pressure on pipe under various conditions are studied and results 
are presented in this section. The pipe deformation mode will be discussed briefly at 
the end of this section for both non-treated and cement-treated cases. 
6.2.7.1 Vertical Diametric Strain (VDS) 
The change in pipe deflection versus number of cycles for pipe buried in cement-
treated sand under surface load of 250 and 400 kPa at three different burial depths is 
illustrated in Figure 6-17-a. Overall, maximum deflection happens under surface 
pressure of 400 kPa at H=1D. For example at cycle 500 under surface pressure of 
400 kPa maximum VDS is 2 % for H=1D and is 0.3% for H/D=2.5. The same result is 
concluded for surface pressure of 250 kPa and VDS decreases when burial depth 
increases. The VDS variation at each cycle was also investigated to study plastic 
deflection of pipe at each cycle. As illustrated by red dashed line bracket on the right 
side of graph, the variation of VDS is more significant for shallower burial depths. It 
can be seen that the variation of VDS at each cycle is almost 1% for burial depth of 
H=1D and this value drops to 0.3% for burial depth of H=2.5D. As concluded from 
previous section, these results reveal that under shallower burial depth both maximum 
deflection value of pipe and its plastic deformation are important factors to be 
considered in the design.  
The results of hysteresis curves for VDS are illustrated in Figure 6-17-b. It can 
be seen that by increasing number of cycles, hysteresis loops get closer. Results also 
reveal that after few cycles, equilibrium condition is achieved and load – VDS curves 
form a closed hysteresis loop and VDS does not change significantly anymore. 
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(a) 
(b) 
Figure 6-17 (a) VDS versus number of cycles at different burial depths (b) hysteresis 
graphs for VDS 
6.2.7.2 Soil Surface Settlement (SSS) 
The change in soil surface settlement under cyclic load for cement-treated material is 
shown in Figure 6-18-a to c. Figure 6-18-a shows SSS variation versus number of 
cycles. It can be seen that for the majority of the cases, variation of surface settlement 
is maximum during the first cycles and remains steady after 50 cycles. Results also 
reveal that SSS decreases when H/D increases. For example, under surface pressure 
of 400 kPa, increasing burial depth from H=1.0D to H=2.5D reduces SSS from 17 to 
3 mm at 500th cycle. In addition, increase in surface pressure, increases SSS as 
expected. To illustrate plastic deformation of soil surface at each cycle, Figure 6-18-
b is prepared. This is a zoom layout of Figure 6-18-a to see more clearly the SSS 
variation under different conditions. Overall, the range of SSS variation for all cases 
is almost the same and around 1mm. The results of hysteresis behaviour of surface 
VDS variation=1% 
VDS variation=0.3% 
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settlement under surface pressure of 250 kPa at H=1.5D are illustrated in Figure 6-18-
c. It can be seen that by increasing number of cycles, hysteresis loops become less
open.
(a) 
(b) 
(c) 
Figure 6-18 SSS variation (b) zoom layout of part: a (c) SSS hysteresis curve during 
cyclic load 
The results of hysteresis curves for SSS and VDS are compared and are shown in 
Figure 6-19. For repeated load on soil surface an equilibrium condition is achieved 
where the load path (load-VDS) forms a close hysteresis loop after almost 500 cycles. 
Variation of VDS becomes more stable and after 500 cycles VDS remains almost the 
SSS variation 
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same and does not increase. This does not happen for SSS as it increases when 
number of cycle increases. In other words, even after 4000 cycles, SSS still increases 
although the changes are not significant. This may be due to the early process of re-
orientation of sand particles in the backfill around the pipe.  
(a) 
(b) 
Figure 6-19 Hysteresis curve during repeated load (a) VDS (b) SSS 
6.2.7.3 Vertical stress (σ) 
For each test, increase in vertical stress was measured at pipe crown during cyclic 
phase and results are shown in Figure 6-20. Overall, surface pressure of 400 kPa 
causes higher pressure at pipe crown compared to pressure of 250 kPa as expected. 
Moreover, maximum pressure at pipe crown occurs while surface pressure is 
maximum and burial depths is minimum. In other words, in cement-treated materials 
the impact of live load is more significant under shallower burial depths and higher 
pressure occurs on pipe crown at lower burial depths. For example, under surface 
pressure of 400 kPa maximum pressure on pipe crown is 140 kPa occurring at H=1D 
as shown in Figure 6-20-c. In addition, variation of stress on pipe crown over the time 
is negligible and stress at pipe crown remains almost steady during cyclic tests. 
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(a) 
 
(b) 
 
(c) 
Figure 6-20 Impact of surface pressure (a)applied pressure 250 kPa (b) applied 
pressure 400 kPa (c) zoom layout of part (b) 
 
6.2.7.4 Pipe deformation mode 
Pipe diametric changes were measured using strain gauges installed at different 
points on the pipe circumference. Figure 6-21 illustrates strain gauges measurements 
due to cyclic load at different loading conditions. As mentioned in Chapter 4, for each 
test four different strain gauges at different points were glued directly to the external 
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face of the wall of the pipe to capture pipe deformation. Those strain gauges located 
at pipe springline, right and left sides show the same values. The readings of strain 
gauge 4 were too small. Therefore, the results of strain gauge at top and pipe 
springline are only illustrated in this section.  
Figure 6-21-a compares the variations of strain at pipe crown and pipe 
springline denoting as SG1 and SG2 for non-cemented trench material. It should be 
noted that the diametric strain is positive if the pipe diameter is under tension, and 
negative if the pipe diameter is compressed. Overall, the strain gauge 
measurements at pipe crown show higher values compared to horizontal data for all 
cases. Results also reveal that both surface pressure and burial depth have impact 
on horizontal strain variations at pipe springline. Pipe vertical and horizontal 
deflections are maximum under shallower burial depth and higher surface 
pressure. In addition, the variation of horizontal and vertical deflections are higher 
under shallower burial depths and higher surface pressures. Same results are 
observed for cement-treated cases as shown in Figure 6-21-b.  
Non-treated sand 
cement-treated sand 
Figure 6-21 Pipe horizontal and vertical deflection versus time 
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Modes of pipe deformation are also illustrated graphically based on the results 
from all strain gauges measurements. Pipe deformation modes at cycle 100th are 
illustrated in the Figure 6-22 based on maximum values of strains recorded at different 
points on pipe circumference. Overall, the deformation of pipe buried in non-treated 
sand is significantly higher compared to cement-treated case. For example, maximum 
strain measured at pipe crown for non-treated case is almost 9000 µmm/mm. This 
value drops to less than 3000 µmm/mm after cement stabilization. In addition, the 
pipe at H=1D and under surface pressure of 400 kPa has the highest deformations 
as illustrated with legend symbol of 4 on the figure. For example, for non-treated 
trench material, the maximum strain measured for case 4 is 8000 µmm/mm and pipe 
tends to deflect to heart shape. The minimum strain measurements were recorded at 
H=2.5D under 250 kPa for cement-treated case and pipe almost remains unchanged 
with very small strains.  
Figure 6-22 Impact of surface pressure and stabilization on pipe deformation at 
cycle 100th  
Non-treated sand 
Cement treated sand 
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NUMERICAL MODELING 
The results from experimental tests performed on a plastic pipe presented in previous 
section. These results provide an opportunity to understand the relation between 
different factors affecting pipe behaviour. Numerical modelling is also carried out 
using ABAQUS (ABAQUS-6.13, 2013) and results are presented in the following 
section. It is noted numerical simulation develop a better understanding of pipe 
behaviour under different condition. It also provides more data to predict pipe 
behaviour under traffic load. The numerical simulations also provide more data at any 
given points while in experimental testing only at specific points the data is available. 
Before presenting the numerical simulation results, the numerical model is validated 
by simulating the actual experimental model and comparing the results from 
laboratory with those calculated through finite element model. The validated model 
then can be used to examine the effects of various parameters on model response.  
6.3.1 Model Validation 
The validation of finite element model was performed considering two aspects for 
model behaviour (1) vertical stress on pipe (2) soil surface settlement.  
The validation of pressure on pipe crown was performed through comparing 
numerical results with empirical and experimental results. To measure increase in 
vertical stress under a rectangular area, a uniformly loaded rectangular area with 
length L and width B as shown in Figure 6-23 can be considered. Note that L is always 
greater than B. The uniform load q is expressed in force per unit area (pressure units). 
Equation 6-1 is used to calculate the increase of vertical stress under the corner of a 
rectangular area based on Boussinesq solutions (Boussinesq, 1885; Helwany, 2007). 
To calculate the stress increase under the centre of a loaded rectangle, whole area 
can be divided into four rectangles. The increase in the vertical stress under the corner 
A of each small rectangle can be calculated assuming that L and B are the length and 
width of the small rectangle as shown in Figure 6-23. The total increase in vertical 
stress is then calculated by sum of the stress increases of the four identical small 
rectangles. Note if m2 + n2 + 1 < m2n2, then 𝜋𝜋 𝑚𝑚ust be added to the bracketed quantity 
in the last term. 
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Figure 6-23 Increase of stress over uniformly loaded rectangular area (Helwany, 
2007)  
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Figure 6-24 compares the results obtained through empirical method and 
those obtained from laboratory and numerical simulations. The figure illustrates 
increase in vertical stress under the surface pressure of 250 and 400 kPa and the 
depth between H=0 and H=2.5D. Horizontal axis represents increase in vertical stress 
and vertical axis represents depth below the soil surface. It can be seen that for both 
numerical and Boussinesq solutions increase in vertical stress is a function of depth. 
Both graphs have almost the same pattern especially for shallower depths (H<1D). 
However, finite element analysis predicts higher stress in deeper depths especially 
on pipe crown compared with Boussinesq solution. The value predicted using finite 
element analysis has a good agreement with those captured in laboratory at pipe 
crown. For example, at depth of H=2.5 D under surface pressure of 400 kPa pressure 
cell on pipe crown shows a pressure of 78 kPa and finite element analysis predicts 
earth pressure of almost 80 kPa. However, the difference between finite element 
method and Boussinesq solution can be due to different assumptions in two 
approaches. For example, in Boussinesq method the soil is assumed to be 
weightless, linear elastic, isotropic while in nature and in this study the soil is assumed 
to be elasto-plastic and has weight.  
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Figure 6-24 Stress caused by the strip footing on soil using finite element versus 
analytical solution and laboratory results 
In the second verification test, the surface deflection of soil under surface 
pressure is analysed. The maximum surface settlement captured by LVDT was 
compared with those calculated through numerical simulations and empirical 
equations. For example, the deflection of soil for a rigid plate on homogenous elastic 
half space can be calculated through Equation 6-2 (Huang, 2004)   
𝑤𝑤0 = 𝜋𝜋(1− µ2)qa2𝐸𝐸 6-2
Where, w0 = the deflection of loading plate; µ = Poisson ratio of material; E = 
Elastic modulus of material; q = load on the loading plate; a = radius of the loading 
plate. Figure 6-25 compares the surface deformation calculated by Equation 6-2 with 
those measured in the laboratory and calculated by numerical analysis. Horizontal 
axis shows test number while each number represents test conditions as explained 
in the legend of the figure. For example test number one is a case in which applied 
load is 250 kPa and burial depth is H=1D. Vertical axis represents surface deflection. 
It can be seen the computed surface deformation based on the empirical equation 
matches well with the measured results in the laboratory. In addition, the 
maximum surface settlements values calculated through numerical analysis are 
consistent with other results from other methods.  
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1 NC-250-1 
2 NC-250-1.5 
3 NC-250-2.5 
4 NC-400-1 
5 NC-400-1.5 
6 NC-400.2.5 
Figure 6-25 Comparing surface deflections from different methods 
Figure 6-26 compares the results obtained from numerical simulations with the 
experimental data measured from the same test configurations for both pure sand 
and cement-treated material. Horizontal axis represents distance from centreline and 
vertical axis represents soil surface settlement. In addition, all legend symbols consist 
of different parts representing the method of calculation, type of soil and applied 
surface pressure. For example, FEM/NC 400 is referring to surface settlement related 
to finite element calculation for the pipe in non-treated trench under surface pressure 
of 400 kPa. Overall, there is a good match between the numerical and experimental 
results. For example, under surface pressure of 250 kPa maximum surface settlement 
of 2.2 mm is calculated for a pipe in non-treated soil. This value is very close to 2.15 
mm from laboratory observation representing as a yellow circle point on the graph. It 
is also obvious from the figure that numerical simulations provide an opportunity to 
understand the behaviour of the model and change of soil surface at any point through 
surface contours while experimental results provides only one point in a scatter plot.  
Figure 6-26 Comparing numerical and experimental results of soil surface 
settlement 
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Assuming unpaved road as a homogenous elastic half-space with Poisson 
ratio of 0.3, the secant modulus can be back calculated using total deformation. The 
secant modulus can be found from following equation: 
𝐸𝐸 = 𝜋𝜋(1 − µ2)qa2𝑤𝑤0 6-3
Results for some cases are shown in Table 6-2. Although this equation is 
based on assuming a homogeneous half-space, it can be used to assume elastic 
modulus of material. For example, under surface pressure of 250 kPa at H=2.5D the 
total deformation is 3.59 mm and based on calculation, elastic modulus is 13324.57 
kPa. For finite element calculation average elastic modulus of 15000 kPa was 
assumed. This value gives the ratio of lab/num results as 0.951 which is reasonable. 
It is noted that the difference between laboratory and numerical values can be due to 
the fact that these secant modulus values correspond to the deformations which 
includes plastic deflection component. However, the elastic modulus is the 
modulus of the slope of the rebounding load-deformation curve. These values and 
verification method will be used to verify input values for numerical simulations 
only.  
Table 6-2 Measured Young’s modulus – Back calculation 
NC-250-1 NC-250-1.5 NC-250-2.5 NC-400-1 
Total deformation(mm) 2.3 2.5 3.59 3 
E from back calculation 
(kPa) 
20797.91 19134.078 13324.57 15945.06 
6.3.2 Numerical Results 
The previous section reveals that numerical analysis based on ABAQUS can simulate 
the performance of buried pipe under traffic loading and different geometric 
conditions. In the following section the results of numerical analysis is presented. 
Some parts of this section has been published and can be found in  
6.3.2.1 Ultimate bearing capacity 
In this section, the result of the finite element method used for investigation of the 
ultimate bearing capacity of the backfill material is presented. The results of numerical 
simulations of footing laid on pure and cement-treated sands will be calculated and 
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then compared with experimental tests data. The methodology of this section is 
adopted from literature and mainly from the article presented in APPENDIX A 
(Mosadegh & Nikraz, 2015; Mosadegh & Nikraz, 2017). 
Problem definition is illustrated in Figure 6-27.  The vertical side of the model 
is fixed in horizontal direction, and the bottom of the model is fixed in both vertical and 
horizontal directions. In all cases footing is subjected to a load control simulation. The 
footing is also assumed as rough rigid with no horizontal movement. In all models, the 
mesh has been refined in areas with stress concentration under and near the footing. 
The model is created in three steps. In the first step, which is the initial condition, all 
boundary conditions are defined. In the next step, the gravity load is applied to the 
model in the geostatic step. In the third step, a downward load is applied on top of the 
soil under footing. After applying the load, foundation pressure will be increased up to 
a failure point which is bearing capacity term. It should be noted that the duration of 
applied load is 65 seconds to avoid sudden collapse of soil mass and to be consistent 
with laboratory test. Moreover, it is assumed that relative movement between soil and 
footing is impossible. From experimental results, when failure takes place, the slip 
planes under the footing and its sides can be identified as shown earlier.  
(a) (b) (c) 
Figure 6-27 Problem definition of footing laid on (a) pure sand (b) cement treated 
sand(c) finite element mesh model 
Results of numerical simulations at failure point are illustrated in Figure 6-28. 
Figure 6-28-a illustrates soil displacement contours showing that displacements are 
4.92 cm and 0.9 cm for non-treated and cement-treated sands, respectively. 
Figure 6-28-b shows Terzaghi’s general shear failure zones. From numerical 
simulations presented in Figure 6-28-c there are three different distinct zones under 
the footing at failure point: triangular zone immediately under the footing; two radial 
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zones, and two Rankine passive zones (Terzaghi & Peck, 1948). Displacements are 
deeper and wider for non-treated case. Results of plastic shear strains are also plotted 
at failure point for both non-treated and cement-traded cases in Figure 6-28-c. It can 
be seen that higher plastic shear strains are observed over a bigger area for non-
treated trench.  
(a) 
(b) 
( C) 
Figure 6-28 (a) Footing settlement, (b) general shear failure of a strip footing: 
Terzaghi’s assumption (Manoharan & Dasgupta, 1995)(c) plastic shear 
distributions at failure 
Figure 6-29 compares pressure–settlement curve for bearing capacity of 
footing on both dense and cemented sands. Horizontal and vertical axis represent 
normalised settlement of footing and vertical stress under footing, respectively. This 
figure also compares the values obtained from numerical simulations and 
experimental tests. It should be noted that for pure sand in numerical analysis the 
curves are based on the results using Drucker-Prager model without considering 
dilation angle and Mohr-Coulomb plasticity for cemented soil. It can be seen that for 
pure sand the bearing capacity is almost 590 kPa in experimental test and 600 kPa 
in numerical analysis which is slightly bigger than those obtained by experimental 
Cement-treated Non-treated 
Non-treated Cement-treated 
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tests. In addition, bearing capacity of footing after stabilization increases and reaches 
to almost 1100 kPa. In other words, adding cement shows a significant increase of 
80% in bearing capacity. It can be concluded that bearing capacity increases from 
600 kPa to 1100 kPa by adding 5 cm of cement treated layer which is minimum depth 
of cement layer in the current study. It is noted although the numerical results do not 
fully correspond with the experimental results, but the results are in good agreement. 
Any discrepancy may be related to the chosen model for soil and foundation 
parameters, and differences between the boundary conditions in the numerical and 
experimental models.  
Figure 6-29 Comparison of load–displacement curves from FEM and experimental 
results 
6.3.3 Traffic Load – Static Phase/Non-treated 
Traffic load was applied on a buried pipe model to compare pipe behaviour due to 
change in surface pressure and burial depth during static phase. In order to validate 
the FE model, the results of numerical simulations are compared with those from 
experimental results and are investigated later. It should be noted that the reason to 
apply traffic load as static load is tis the fact that a large portion of the pipe deformation 
and soil surface settlement occur at the end of first cycle, showing the importance of 
the first cycle. In addition, applying static load is less time consuming and soil 
constitutive model is less complicated compared with cyclic simulations. Therefore, it 
would be a cost-effective way to analyse static phase of similar projects instead of 
cyclic phases to estimate model response. The results of numerical simulations 
through finite element analysis will be presented in the following section.  
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6.3.3.1 Pipe vertical deflection 
In this section the impact of burial depth and surface pressure on pipe deflection is 
presented. Figure 6-30 illustrates displacement contours of the deformed pipe at 
different burial depths under surface pressures of 250 and 400 kPa. Figure 6-30-b 
compares results for different surface pressure at the same burial depth of H=1D. 
Results show that under higher surface pressure, higher displacement occurs at pipe 
crown. For example, pipe crown displacement at H=1D under surface pressure of 400 
kPa is 1.53 mm and this value drops to 0.97 mm under surface pressure of 250 kPa 
as shown in Figure 6-30-b. In addition, comparing Figure 6-30-a and c shows that 
maximum vertical displacement occurs at pipe crown (Figure 6-30-a) while maximum 
horizontal displacement occurs at pipe springline (Figure 6-30-c). 
(a) 
(b) 
(c) 
Figure 6-30 Displacement contours: (a) vertical displacement at H=1D, 400 kPa (b) 
vertical displacement at H=1D, 250 kPa (c) horizontal displacement at H=1D, 400 
kPa 
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The numerical simulation of pipe displacement variation on the pipe crown and 
along its circumference for all burial depths under surface pressures of 250 and 400 
kPa is presented in Figure 6-31. Overall, increasing burial depth decreases pipe 
vertical displacement while increasing surface pressure, increases pipe vertical 
displacement. Pipe vertical displacement is maximum when burial depth is minimum 
(H=1D) and surface pressure is maximum (P=400 kPa). The zero value on horizontal 
axis indicates the point on the crown at centre of loading. All graphs converge on the 
bottom of pipe to zero which means under any surface pressure and burial depth, 
pipe displacement at its bottom is minimum close to zero. In addition, when angle 
from centreline is between 60 and 120o, settlement decreases significantly and 
converge to smaller values. For example, at H=1D under surface pressure of 400 kPa, 
pipe vertical settlement at pipe crown is 1.5 mm. After this point with increasing angle 
from 60o to 120o pipe displacement remains steady at 0.8 mm. Then, pipe 
displacement on the bottom plunges to almost zero with increasing angle to 180o. 
Almost the same pattern is obtained for all other cases. In addition, the effect of burial 
depth is higher at pipe crown and by increasing the angle along pipe circumference 
the gap between graphs decreases.  
Figure 6-31 FE results for variation of pipe displacement along its circumference 
Additional comparisons were made for the case of H=2.5D under surface 
pressure of 250 kPa to compare displacement on pipe soil interface. In previous figure 
only the results of vertical displacement along the pipe circumference was presented. 
Figure 6-32 compares vertical displacement at pipe soil interface along pipe and its 
surrounding soil. It can be seen that both pipe and soil have the same vertical 
displacement at pipe crown while pipe has higher displacement along its 
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circumference although the difference is negligible. Both graphs merge to the same 
value at pipe invert. This result reveals that for this case either the pipe or soil at the 
interface can be used to simulate vertical deflection of pipe. 
Figure 6-32 Vertical displacement at pipe-soil interface 
6.3.3.2 Soil surface settlement variation 
The impact of burial depth and surface pressure on soil settlement has experimentally 
been investigated and the results were discussed briefly in the previous section. The 
numerical simulation of soil surface settlement for all burial depths under surface 
pressure of 250 and 400 kPa is illustrated in Figure 6-33. Maximum settlement for all 
burial depths occurs on soil surface over the area above pipe crown as shown. In 
addition, regardless of burial depth, the soil surface settlement decreases away from 
the centre of loading. It is clear also that soil surface settlement for all burial depths 
converges to a minimum value over 2B distance from centre or two times of loading 
area. In addition, both burial depth and surface pressure affect soil surface settlement 
as illustrated. For a given surface pressure, soil settlement increases when burial 
depth increases. For example under surface pressure of 400 kPa at H/D=1, maximum 
SSS is 3.5 mm and increasing burial depth from H/D=1 to 1.5 and 2.5, increases 
maximum SSS from 3.5 to 5.1 and 8.2 mm, respectively. This can be due to presence 
of compressive layer above the pipe. By increasing burial depth the thickness of 
compressive layer increases meaning that soil settles more when burial depth 
increases. These results are consistent with results achieved through laboratory tests 
and those provided in the literature (Moghaddas Tafreshi & Khalaj, 2008).  
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Figure 6-33 Contours of soil surface settelement for all non-terated cases 
Vertical displacement on soil surface is shown in Figure 6-34. The results 
show that the maximum soil surface settlement occurs at the centreline. For all 
contours, soil surface settelement decreases when soil depth increases. In addition, 
under a given surface pressure and burial depth, the value for soil surface settlement 
is equal to those maximum values obtained in Figure 6-33. For example, at H=2.5D 
under surface pressure of 400 kPa, soil vertical displacement at centreline is 5.5 mm. 
This is the same value which was observed in Figure 6-33  for the same case. 
Figure 6-34 Impact of burial depth and surface pressure on displacement 
underneath the centre of loading area 
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6.3.3.3 Stress distribution variation 
The vertical stress distribution induced by loading plate for z=0 to z=2.5D is calculated 
and results are illustrated in Figure 6-35. These calculations are repeated for different 
burial depths and two different surface pressures. Overall, all diagrams have almost 
the same pattern. Stress decreases in a very similar manner when burial depth 
increases. In addition, under a given surface pressure, all stress induced in soil profile 
decrease until they merge to the same value for deeper burial depths. For example, 
at H=1D under surface pressure of 400 kPa, the stress in soil profile drops from 400 
kPa to almost 200 kPa on the pipe crown. The same pattern can be observed for 
burial depth of H=2.5D where stress on pipe is reduced to almost 100 kPa. It is noted 
that some cases from this part were presented in verification section and were 
compared to those predicted by Boussinesq solution.  
Figure 6-35 Vertical stress distribution on soil profile as a function of depth 
For better understanding of burial depth and surface pressure impacts on 
pressure at pipe crown, pressure distribution along pipe circumference is calculated 
and results are illustrated in Fig. 6-36. It is evident from the figure that three different 
sections exist and earth pressure is maximum in the middle part. For example for 
H=1D and under surface pressure of 400 kPa, earth pressure increases from 85 kPa 
to 105 kPa when angle increases from 0o to 60o. After this point by increasing angle 
from 60o to 100o.earth pressure reaches to its maximum value of 115 KPa.  Then by 
increasing angle to 180o pipe earth pressure reaches to about 46 kPa on pipe invert. 
Red brackets compare pressure variation at pipe crown and invert. It can be seen that 
the earth pressure variation is more significant on pipe crown compared to its invert. 
This value is nearly three times higher at pipe crown as shown in the figure. 
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Fig. 6-36 Earth pressure distribution along pipe circumference 
It is helpful to put multiple data trends onto one graph which facilitates review 
of the results. For example, Figure 6-37 shows combinations of vertical displacement 
and earth pressure along the pipe circumference. This figure reveals that maximum 
pipe displacement occurs at pipe crown while earth pressure at this point is not 
maximum. Pipe deflection is maximum at pipe crown while earth pressure is maximum 
in the middle part of pipe circumference between 60 to 120 degrees. This can be 
explained using pressure distribution graph close to the graph showing pressure is 
maximum in the middle part of pipe. This pressure is combination of vertical pressure 
(q) and horizontal pressure or (kq) (Spangler, 1941). This result show the importance
of two investigating points including pipe crown and middle part of the pipe
circumference.
Figure 6-37 Combination of earth pressure and pipe vertical deflection along pipe 
circumference  
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6.3.4  Traffic Load – Static Phase / Cement-treated 
In this section, the numerical results of stabilization impact on model response are 
presented. In all graphs dashed lines represent non stabilized samples and solid lines 
represent cement- treated ones. Legend symbols of NC and C also denote results of 
non-treated and cement-treated tests, respectively.  
6.3.4.1 Pipe vertical deflection variation 
Figure 6-38 shows the results of pipe vertical displacement under different conditions 
along its circumference for both non-treated and cement-treated trench material. 
Overall, higher pipe deflections are observed for the cases of non-treated soil. It can 
be seen that the maximum surface settlement of soil for non-treated sample, is in the 
range of 0.4 to 1.6 mm. This value for cement-treated tests is between 0.05 and 0.8 
mm. For example, under surface pressure of 400 kPa, at H=1D for non-treated pipe
crown displacement is 1.5 mm. Stabilization of soil decreases pipe deflection and this
value drops to 0.9 mm. All graphs converge to the value of zero at the bottom of pipe
at 180 degree from the crown. As explained in section 6.3.3.1 there are three different
sections and pipe deflection is maximum in the first section between 0 to 60 degrees
from pipe crown.
Figure 6-38 Stabilization impact on pipe vertical deflection 
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6.3.4.2 Soil surface settlement variation 
Figure 6-39 shows the effect of stabilization on surface settlement of soil. It can be 
seen that stabilization decreases surface settlement. For example, surface settlement 
at H=2.5D under surface pressure of 400 kPa for non-treated case is 5.2 mm. 
Stabilization reduces surface settlement to 1.8 mm after adding cement. All graphs 
converge to the value of zero at a distance of 2B as shown in Figure 6-39. In addition, 
surface settlements are maximum at the loading area and above pipe crown. 
Figure 6-39 Impact of stabilization on soil surface settlement 
Figure 6-40 shows stabilization impact on soil vertical displacement under the 
footing centreline along the soil depth. Horizontal axis represents the vertical 
displacement and vertical axis represents soil depth. Overall, stabilization reduces 
soil displacement over the soil depth. For example, comparing the case of NC 2.5 400 
and C 2.5-400 reveals that under the surface pressure of 400 kPa at H=2.5D, 
stabilization reduces pipe deformation significantly. At soil surface when z=0, soil 
displacements are 5.5 mm and 2 mm for non-cement treated and cement treated 
samples. At z=1D soil displacements drop to 2.5 and 1.1 mm for non-cement treated 
and cement-treated samples, respectively. However, displacement of non-treated 
case for all depths is still higher. These results reveal that stabilization not only 
improves soil displacement on the soil surface but also reduces soil displacement 
along its depth.  
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Figure 6-40 Influence of stabilization on soil surface settlement along depth 
6.3.4.3 Stress distribution variation 
Vertical stress distribution under centre of loaded area is shown in Figure 6-41. 
Overall, stabilization slightly reduces vertical stress distribution transferred to the pipe. 
In addition, stabilization provides stiffer layer which makes higher vertical stress in the 
cemented layer in the stronger layer of cemented material. However, stabilization 
reduces earth pressure on pipe causing lower earth pressures for pipe in cement-
treated trenches.  
Figure 6-41 Impact of stabilization on stress distribution underneath the loaded area 
These results are consistent with the results of earth pressure on pipe 
circumference illustrated in Figure 6-42, where horizontal axis represents the angle 
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from pipe crown and vertical axis represents earth pressure. Overall, stabilization 
reduces earth pressure on pipe circumference for all samples. For example, under 
surface pressure of 400 kPa at H=1D, maximum earth pressure for non-treated soil is 
110 kPa and this value at pipe crown is 85 kPa. After stabilization for the same 
condition maximum earth pressure drops to 70 kPa starting from 60 kPa at pipe crown 
showing the impact of stabilization on reducing earth pressure on the pipe 
circumference. As explained earlier, the earth pressure variation is more significant 
on pipe crown compared to pipe invert for all cases. In addition, maximum earth 
pressure is not happening at pipe crown but at an angle between 60 and 90 degree. 
Figure 6-42 Impact of stabilization on earth pressure distribution along the pipe 
circumference 
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6.3.4.4 Pipe deformation mode 
The results of finite element simulations for pipe deformations in both vertical and 
horizontal directions are shown in Figure 6-43-a and b. Results are for the case of 
H=1D under surface pressure of 400 kPa for non-treated trench material only. It can 
be seen that the pipe vertical displacement is maximum at pipe crown and pipe 
horizontal displacement is maximum at pipe springline. Higher displacement occurs 
in vertical direction compared to horizontal and pipe tends to deform to the elitipical 
shape as shown in the figure. For example, the maximum displacements at pipe 
crown are 1.2 mm and 0.46 mm in vertical and horizontal directions, respectively. To 
investigate the mode of pipe deformation, the ratio of vertical to horiozntal 
displacement for all samples are calculated and results are illustrated in Figure 6-43-
c. Horizontal axis represents test number and vertical axis represents the ratio of
maximum vertical to maximum horizontal displacements. It can be seen that
measured displacement at pipe crown is always higher compared to horizontal
displacement as the ratio is bigger than 1. In addition, non-treated samples have
higher ratio of vertical to horiozntal displacement which indicates elliptical deformation
is more likely to occur in non-treated samples.
The bending strains may also be considered as a performance criterion in 
pipeline design. Bending strain considerations are based on the pipe deformation into 
an elliptical shape due to ring deflection. Bending strain variations were calculated for 
non-cement treated case and results are shown in Figure 6-44. The pipe-strain plots 
transitioned from positive value at the crown to negative at the side, and back to the 
positive value at the invert. It shows very similar peaks of large strain at the 60° 
position and low strains from 120o to pipe invert. It can be seen that maximum strain 
happens for minimum burial depth of H=1D and under maximum surface pressure of 
400 kPa showing both surface pressure and burial depth have impact on strain 
variations. These results also reveal that another important section on pipe 
circumference rather than pipe crown is the area around a point 60o from pipe crown. 
Distribution of strains induced due to live load in the pipe wall can be illustrated 
on pipe section as shown in Figure 6-44. It can be seen that, at a given burial depth, 
higher deformations occur on both vertical and horizontal direction under higher 
surface pressures. This causes horizontal stretching and the pipe tends to deform to 
the ‘heart shape under higher surface pressure. However, after stabilization, lower 
strain occurs in the pipe and its deformation is flatter as shown in the figure.  
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(a) 
(b) 
(c) 
Figure 6-43 Pipe deformation mode in (a) vertical direction(b) horizontal direction 
(c)ratio of vertical to horizontal displacements for all tests
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Bending strain as function of circumferential position- non-treated case 
Impact of surface pressure on pipe deformation; non-treated case 
Impact of stabilization on pipe deformation; cement treated and non-treated cases 
Figure 6-44 Pipe deformation different conditions 
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 SUMMARY OF CHAPTER 
The performance of a buried pipe due to traffic load was investigated through 
laboratory tests conducted at Curtin University. Numerical model was also developed 
as part of this research to study the impact of different factors on model response. 
Impact of stabilization for both experimental and numerical simulations were 
investigated and results were presented in this chapter. This chapter was presented 
in three subsections starting with introduction. In the second section, experimental 
test results were presented. These results were categorised in accordance with types 
of applying load and test results were presented for both static and cyclic phases. 
Ultimate bearing capacity of soil under loading plate was also investigated. Then, in 
the third section numerical simulation results were presented. Before presenting 
numerical simulations results, finite element model was validated by considering two 
aspects including vertical stress on pipe and soil surface settlement.  
 
Some of the key findings from experimental data are as below: 
 
• The results from experimental investigation indicated that the ultimate loading 
capacity of footing was almost 570 kPa for both analyses. Footing ultimate loading 
capacity dropped from 570 kPa for dense sand to less than 120 kPa for loose 
material. This means that it is not possible to apply the load of 250 and 400 kPa 
on the footing on loose material as it fails at 120 kPa before reaching 250 kPa. 
Therefore, in this research only traffic load was applied on dense sand not loose 
sand.  
• Cement stabilization increased bearing capacity of soil. Ultimate bearing capacity 
of footing increased from 600 kPa to almost 1100 kPa while its displacement 
decreases significantly. Reducing footing displacement at specific stress level is 
an important aim of stabilization besides increasing its bearing capacity. 
• The results from initial phase revealed that pipe burial depth and surface pressure 
have significant impact on the performance of model. In addition, results revealed 
that stabilization not only reduces pipe deflection but also reduces soil surface 
settlement and pressure on pipe.  
• Cyclic tests was also performed to investigate the impact of cyclic load on the 
performance of pipe and soil. Results for non-treated trench material revealed that 
pipe deflection, soil surface settlement and pressure on pipe were affected by 
change in burial depth, surface pressure and number of cycles. Results showed 
that for all cases, maximum VDS and pressure on pipe decreases when H/D 
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increases while SSS increases when H/D increases. Both pipe vertical deflection 
and surface settlement were significantly affected by number of cycles while no 
significant difference was observed in on changes of stress on pipe crown with 
regard to number of cycles was observed. 
• It was also observed that variation of VDS is more significant for shallower burial
depths while SSS variation for all cases is almost the same. It means pipe plastic
deformation is more significant under shallower burial depths and higher surface
pressure while plastic deformation of soil surface is almost the same for different
tests.
• Hysteresis graphs show that with increasing number of cycles, hysteresis loops
for Load-VDS graphs get closer while Load-SSS graphs move to the right which
means soil surface settlement still increases even after large number of cycles
while VDS does not.
• Modes of pipe deformation were also investigated based on the results from strain
gauges attached to different points of pipe circumference. Results revealed that
pipe has higher deformation when it is buried in non-treated trench material and
the deformation is maximum under higher surface pressure and minimum burial
depths. Pipe tends to deform to a heart shape under shallower burial depths while
it almost remains unchanged at deeper burial depths.
Some of key findings from numerical simulations are as below: 
• The validation of finite element model was performed considering two aspects
including vertical pressure on pipe and surface settlement. Results showed that
the computed results based on finite element simulations matched well with the
measured results in the laboratory and those achieved based on the empirical
equation.
• Numerical simulations results revealed that stabilizing the trench material has an
important effect on improving soil bearing capacity and reducing footing
displacement. Results of plastic shear strains measurements also revealed that
at failure point higher plastic shear strains are observed over a bigger area for
non-treated trench material. Good agreement between numerical and
experimental test results was observed for both test series.
• The numerical simulation of pipe displacement was carried out for both non-
treated and cement-treated cases. Results revealed that vertical and horizontal
displacements are maximum at pipe crown and springline, respectively. In
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addition, vertical displacement variations along pipe circumference showed that 
all graphs have almost the same pattern with maximum value at pipe crown and 
are converging to zero on the bottom of the pipe. Both burial depth and surface 
pressure affect pipe deflection. Pipe deformation decreases when burial depth 
increases. 
• The numerical simulation of soil surface settlement for both non-treated and
cement-treated cases was carried out. Results revealed that maximum settlement
for all cases occurs on soil surface above the pipe crown. In addition, regardless
of burial depth, the soil surface settlement decreases by moving away from the
centre of loading. Soil settlement converges to the minimum value over 2B
distance from centre or two times the width of the loading area. Both burial depth
and surface pressure affect soil surface settlement. Soil settlement increases
when burial depth increases. Results of vertical displacement along the soil depth
also revealed that soil displacement decreases significantly when soil depth
increases.
• The increase in vertical stress under the centre of loading area as a function of
depth for all cases was investigated. Results showed that all diagrams have
almost the same pattern and stress decreases in a very similar manner when
burial depth increases.
• Results of pressure distribution on pipe circumference also showed that three
different sections exist and earth pressure is maximum in the middle part around
60 degree from the crown.
• Results revealed that cement stabilization of soil reduces pipe deflection, soil
surface settlement and pressure on pipe significantly.
• Bending strain variations at pipe wall were also investigated showing pipe-strain
plots transitioned from positive value at the crown to negative at the side, and
back to the positive at the invert. Distribution of strains reveals that at a given
burial depth higher deformations occur on both vertical and horizontal directions
under higher surface pressures causing horizontal stretching where the pipe tends
to deform to a ‘heart shape under higher surface pressure. However, after
stabilization, lower deformations occur in the pipe.
• As illustrated numerical simulation has the capability to better explain the model
performance under traffic load at different conditions. The soil surface settlement,
pipe deflection and pressure measurement on the pipe also provide an
independent a set of data which would assist in validation of numerical models
and to understand model behaviour.
181 
• The numerical simulation results agreed well with the experimental data within an
acceptable accuracy. Although the numerical results did not fit fully with the
experimental results, the results are in good agreement. Any discrepancy may be
related to the chosen model for soil and foundation parameters, and differences
between the boundary conditions in the numerical and experimental models.
In the next chapter, the results from experimental and numerical analysis for 
both static and cyclic tests will be presented. Equations will also be developed to 
investigate the relationship between burial depth, surface pressure on pipe and soil 
performance. 
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7  ANALYSIS AND 
DISCUSSION  
Some parts of this chapter were published as journal paper as below: 
Mosadegh. A; Nikraz.H , BURIED PIPE RESPONSE SUBJECTED TO TRAFFIC 
LOAD EXPERIMENTAL AND NUMERICAL INVESTIGATIONS, International 
Journal of GEOMATE, Nov., 2017, Vol.13, Issue 39, pp.01-08, ISSN:2186-2990, 
Japan, DOI: https://doi.org/10.21660/2017.39.91957 
INTRODUCTION 
In the previous chapter the results of experimental and numerical analysis of buried 
pipe were presented. This chapter reviews test results from previous chapter with 
focus on analysing the impact of different factors, i.e.: stabilization and initial phase 
impact on model performance. The summary of chapter is presented in Table 7-1 
listing objectives, methods and the relevant section in the chapter. 
After introduction, the impact of various factors on model response during 
initial phase and cyclic phase is investigated. Then, the influence of stabilization on 
bearing capacity and model response is discussed. In order to assess the impact of 
adding cement on model behaviour, stabilization ratio is calculated and presented in 
the form of non-treated to cement-treated ratio. This section will be followed by 
investigating on the impact of first cycle on model response. At the end of the chapter 
equations will be developed using regression analysis and neural network to predict 
model response.  
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Table 7-1 Chapter overview 
Objective Phase Methods and considerations Section 
Analysing impact of various factors Initial phase SSS0,VDS0 and σ0 
SSSN,VDSN and σN 
7.2 
Cyclic phase 
Analysing impact of stabilization  Bearing capacity Quantifying impact of stabilization 7.3 
Initial phase 
Cyclic phase 
Considering impact of first cycle Calculating the ratio of I0/IN  Both non-treated and cement-treated soils 7.4 
Predicting  the model response Initial phase Regression method 7.5 
Cyclic phase Regression method 
Neural Network method 
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 IMPACT OF BURIAL DEPTH AND SURFACE PRESSURE ON 
MODEL RESPONSE 
In this section, the impact of various factors on model response during initial and cyclic 
phase is investigated. The impact of burial depth, surface pressure and number of cycles 
on VDS, SSS and σ is discussed. Initial and cyclic phase will be presented in two 
separate sections.  
7.2.1 Initial Phase 
In the initial phase analysis, the results obtained from experimental tests and numerical 
simulations are compared and the impacts of burial depth and surface pressure on VDS, 
SSS and σ v are discussed. For each case the maximum values extracted from test 
results and numerical simulations presented in Chapter 6 are provided in Table 7-2. This 
table compares results of experimental tests and numerical simulations for non-treated 
tests only. Columns two and three from left represent different conditions of laboratory 
tests or numerical simulations. Maximum VDS, SSS and σ at the end of first cycle are 
compared with those calculated using numerical simulations and presented in columns 
four to nine. It can be seen that there is a good agreement between numerical and 
experimental test results. Results also reveal that accuracy of the two methods showing 
the reliability of data which will be used in the next sections to predict model response. 
 
Table 7-2 Initial phase numerical and experimental results 
Test 
No 
Surface 
pressure H/D 
VDS (%) SSS(mm) σ (kPa) 
Exp. Num. Exp. Num. Exp. Num. 
1 250 1 1.4 1.38 2.32 2.3 128 120 
2 250 1.5 1.09 1.11 2.99 2.89 90 85 
3 250 2.5 0.32 0.36 3.59 3.56 55 55 
4 400 1 1.86 1.8 3.65 3.6 225 225 
5 400 1.5 1.62 1.7 4.3 4.24 128 130 
6 400 2.5 0.95 1.04 5.9 5.45 78 80 
 
Figures 7-1 a to c are prepared in order to visualize the impact of the factors 
discussed earlier during initial phase. Overall, there is a good agreement between 
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findings from experimental tests and numerical simulations. 
The impact of surface pressure and burial depth on pipe deflection is illustrated 
in Figure 7-1-a. It can be seen that for all graphs increasing burial depth reduces VDS 
and maximum VDS occurs when burial depth is minimum. Variation of load pressure has 
a significant impact on change of VDS and increasing surface pressure increases VDS 
significantly. For example, increasing pressure from 250 to 400 kPa increases VDS from 
1.2% to 2.5% at H/D=1. These results confirm previous findings in the literature 
(Moghaddas Tafreshi & Khalaj, 2008).  
The influence of burial depth and surface pressure on soil surface settlement of 
the model is illustrated in Figure 7-1-b. As shown, for a given surface pressure SSS 
increases when burial depth increases. For example under surface pressure of 400 kPa 
at H/D=1, SSS is 3.05 mm and increasing burial depth from H/D=1 to 1.5 and 2.5, 
increases SSS from 3.05 to 5.1 and 6.8 mm, respectively. This is due to thicker soil layer 
above the pipe causing soil to settle more when burial depth increases. In addition, the 
gap between two graphs for different surface pressures is higher for deeper burial depths 
meaning the impact of burial depth is more significant for deeper pipes. These results 
are consistent  with the results presented in the literature (Moghaddas Tafreshi & Khalaj, 
2008).  
Figure 7-1-c shows the impact of change in burial depth and surface pressure on 
stress transmitted to the pipe crown obtained through experimental and numerical 
analysis. As illustrated, results from two methods follow the same pattern and increasing 
burial depth leads to decrease in pressure on pipe crown. In addition, increasing surface 
pressure increases stress on the pipe as expected. The gap between two graphs for 
different surface pressures is smaller for deeper burial depths meaning the impact of 
surface pressure is more significant for shallower pipes compared to deeper ones. These 
results are consistent with results presented in the literature  
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(a) 
(b) 
(c) 
Figure 7-1 (a) Variation of the maximum VDS of pipe (b) Soil surface settlement (c) 
earth pressure on pipe crown 
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7.2.2 Cyclic Phase 
The results of experimental tests for different surface pressures and burial depths were 
presented in the previous chapter. The relation between VDS and burial depth, surface 
pressure and number of cycles is discussed in this section.  
Figure 7-2 illustrates the variation of VDS during first 500 cycles for all non-
treated and cement-treated samples. Horizontal axis represents number of cycles and 
vertical axis represents VDS variations. In addition, abbreviations cited in figure legend 
are presenting stabilization condition, burial depth and applied surface pressure. Each 
symbol consists of three parts. For example, NC 2.5 400 denotes pipe in non-treated 
trench material with burial depth of H=2.5D under surface pressure of 400 kPa.   
Overall, higher deflection is observed for non-treated samples which will be 
discussed in more details later in this chapter. In addition, increase in burial depth 
decreases pipe deflection and increase of surface pressure increases pipe deflection for 
all cases. Pipe deflection variation is also influenced by surface pressure and burial depth 
and higher values are observed under higher surface pressures and shallower burial 
depths.  
For better understanding of the impact of various factors on pipe deflection, 
another graph is prepared and illustrated in Figure 7-3. This figure illustrates the impact 
of burial depth and surface pressure at three different cycles of 1, 100 and 500 on 
maximum pipe deflection. The figure only shows non-treated cases. Overall, with 
increasing burial depth, VDS decreases while increasing surface pressure increases 
VDS for all cases. For example, at 100th cycle for non-treated soil, VDS decreases from 
4.3% to 2.8% with increase of burial depth from H=1D to H=2.5D under surface pressure 
of 400 kPa. It means increase of burial depth leads to 37% reduction in VDS. Moreover, 
reduction of surface pressure from 400 to 250 kPa for cycle 100 at H=D, decreases VDS 
from 4.3% to 1.9% meaning 55% reduction in VDS of the pipe buried in sand. In addition, 
increase of number of cycles significantly affects VDS. For example, at H=1D increase 
of number of cycles from 1 to 100 increases VDS from 1.8% to 4.2% meaning 130% 
increase.  
The results are in in good agreement with results presented in the literature 
(Moghaddas Tafreshi & Khalaj, 2008). In their research the impact of various parameters 
on a buried HDPE pipe with the D/t=27 has been investigated. They found that pipe 
vertical deflection was highly affected by both surface pressure and burial depth with 
higher values of deflection. It is also noted that the burial depth of H=1D was not 
considered in their research. The difference between findings of the two researches 
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could be due to different methods of compaction and different pipe geometry 
(Moghaddas Tafreshi & Khalaj, 2008).  
As shown earlier, surface pressure and number of loading cycles lead to increase 
in VDS. In addition, burial depth has a significant impact on VDS. Thus equations can 
be developed to find a relationship between VDS and surface pressure, burial depth and 
number of cycles which will be discussed later in this chapter.  
Figure 7-2 VDS versus number of cycles 
Figure 7-3 Maximum VDS versus burial depth at different surface pressures and 
loading cycles 
The change of SSS for all cases during first 500 cycles are shown in Figure 7-4. 
Horizontal axis represents number of cycles and vertical axis represents SSS variations. 
Each test condition is illustrated in the figure. For example, NC 1 400 denotes pipe in 
non-treated trench material with burial depth of H=1D under surface pressure of 400 
kPa.   
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Overall, higher surface settlement is observed for non-treated samples. The 
impact of soil stabilization will be discussed in more details later in this chapter. In 
addition, increase in burial depth and surface pressure, increases surface settlement. 
Another graph is prepared to assess the impact of burial depth and surface pressure 
which is illustrated in Figure 7-5. The impact of burial depth under three different number 
of cycles of 1, 100 and 500 on maximum soil surface settlement is investigated for non-
treated cases only. Overall, with increasing burial depth soil surface settlement increases 
for majority of cases while increasing surface pressure increases SSS for all cases. As 
discussed in the previous chapter, this is due to compressibility of soil layer above pipe. 
The higher burial depth has the higher void ratio leading to higher surface settlement of 
soil.  For example, at 100th cycle soil settlement increases from 8.5 mm to 11.5 mm with 
increase of burial depth from H=1D to H=2.5D under surface pressure of 250 kPa. It 
means increase of burial depth leads to an increase of 30% in SSS. Moreover, increase 
of surface pressure from 250 to 400 kPa for the same burial depth increases SSS from 
10 to 17 mm meaning 70% increase. Increase of number of cycles also significantly 
affects SSS. For example, at H=1D increasing of number of cycles from cycle 1 to cycle 
100 increases the surface settlement from 3 mm to 22 mm or 600% increase in SSS. 
This means number of cycles has a significant impact on SSS. 
Results are in in good agreement with the results presented in the literature 
(Moghaddas Tafreshi & Khalaj, 2008). In their research the impact of various parameters 
on a buried HDPE pipe with the D/t=27 was investigated. It was found that soil surface 
settlement was highly affected by both surface pressure and burial depth. The difference 
between findings of the two researches could be due to different methods and levels of 
compaction. It is noted the impact of cement stabilization was not taken into 
consideration in their research (Moghaddas Tafreshi & Khalaj, 2008).   
It can be seen that increasing burial depth and surface pressure lead to increase 
in SSS. As shown previously the number of cycles has a significant impact on SSS. An 
equation can be developed to find a relationship between SSS and surface pressure, 
burial depth and number of cycles which will be discussed later in this chapter.  
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Figure 7-4 SSS variations versus number of loading cycles 
Figure 7-5 Maximum SSS versus burial depth at different surface pressure and cycles 
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Figure 7-6 compares the variation of pressure on pipe crown under various 
applied pressure and burial depths at cycle 1st and 100th. It can be seen that the 
transferred pressure on pipe decreases when burial depth increases. In addition, 
increasing surface pressure increases transferred pressure on pipe crown. It is also 
obvious that increasing number of cycles has a minor impact on change of pressure on 
pipe. The depth soil layer above the pipe is not significantly affected by number of cycles, 
therefore, pressure on the pipe is not significant affected by number of cycles. The results 
of this research showed that number of cycles have lower impact on stress on pipe 
compared to other two variables of burial depth and surface pressure.  These results are 
consistent with the results obtained by Ko in 2010 (Ko & Kuwano, 2010). They have 
found in their research that stress on a buried pipe is affected by level of compaction for 
a given surface pressure and burial depth. For example, after few cycles of loading the 
average stress on a buried pipe remained unchanged in a medium compacted sand. The 
stress on pipe slightly increased for dense sand and slightly decreased for very loose 
sand.  
 
Figure 7-6 Maximum σ versus burial depth at different surface pressure and laoding 
cycles 
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The pipe deformation in horizontal direction is also investigated and results are 
discussed briefly in this section. Figure 7-7-a compares the variation of vertical to 
horizontal strain for cycle 1st and 100th for different test series. Overall, the ratio of 
SG1/SG2 is higher for non-treated sand as illustrated in Figure 7-7-a. The results also 
reveal that the ratio for non-treated soil varies between 1 and 6 which is higher compared 
to cement-treated tests. The results also show that variation of these ratios is higher 
during early cycles and then it remains steady, especially for cement-treated samples. 
Figure 7-7-b also illustrates the impact of burial depth on horizontal strain of pipe under 
different surface pressures at two cycles of 1 and 100. In general, pipe horizontal strain 
decreases when burial depth increases. Both surface pressure and number of loading 
cycles have significant impact on strain variations.  
(a) 
(b) 
Figure 7-7 (a) Vertical to horizontal strain variation due to cyclic load (b) maximum 
horizontal strain versus burial depth at different surface pressure and loading cycles 
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 IMPORTANCE OF SOIL STABILIZATION 
To improve the strength properties of trench material and to increase the safety of 
embedded pipe, trench material was stabilized with cement and results were presented 
in the previous chapter. Results revealed that cement stabilization improves sand 
properties and reduces pipe deflection, surface settlement and pressure on the pipe. In 
the following section, the efficiency of adding cement to the soil on model response is 
investigated. The impact of stabilization on improvement of bearing capacity of trench 
material and model performance during initial and cyclic phases are discussed 
separately in this section. 
7.3.1 Bearing capacity 
The impact of stabilization on bearing capacity of loading plate is investigated and results 
are shown in Figure 7-8. The results show that adding cement can significantly improve 
the ultimate bearing capacity of soil and pipe deflection. Pipe deflection decreases from 
almost 6% to less than 1% after stabilization. In addition, bearing capacity of loading 
plate increases from 600 kPa to almost 1100 kPa.  
 
Figure 7-8 Impact of cement stabilization of sand 
7.3.2 Initial Phase 
The impact of stabilization during initial phase on model response is assessed and 
results are presented in this section. Table 7-3 compares the results of pipe deflection, 
surface settlement and pressure on pipe for non-treated and cement-treated material. 
Comparison of these results shows that stabilization improves model response for all 
cases. For example, at H=1D under surface pressure of 250 kPa, stabilization reduces 
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pipe deflection from 1.4% to 0.22%. In other words, the ratio of pipe deflection for 
cement-treated to pure sand is 0.19. It means stabilization reduces pipe deformation by 
81% reduction in pipe deflection. For the same burial depth of H=1D under surface 
pressure of 250 kPa, soil surface settlement is 1.33 mm. This value for non-treated sand 
was 2.32 mm. It means stabilization improves soil surface settlement by 42%. Pressure 
on pipe crown is recorded as 110 kPa for case number one. This value is 128 kPa for 
pure sand meaning that due to stabilization lower pressure is transmitted to pipe crown 
by 15% reduction. Impact of stabilization on each parameter is shown visually in 
Figure 7-9. The results of all burial depths under surface pressures of 250 and 400 kPa 
are illustrated in Figure 7-9. Triangle and square marker represent non-treated and cross 
and circle represent cement-treated samples. Overall, stabilization improves model 
response for all cases with remarkable reduction in pipe deflection, soil settlement and 
stress on pipe.  
Table 7-3 Comparison of model response for non-treated and cement-treated sands at 
different burial depth and surface pressure 
Test 
No 
Surface 
pressure 
(kPa) 
H/D 
VDS (%) SSS(mm) σ (kPa) 
Pure 
sand 
Cement- 
treated 
Pure 
sand 
Cement- 
treated 
Pure 
sand 
Cement- 
treated 
1 250 1 1.4 0.22 2.32 1.33 128 90 
2 250 1.5 1.09 0.24 2.99 1.2 90 50 
3 250 2.5 0.32 0.03 3.59 1.62 55 30 
4 400 1 1.86 1.125 3.65 1.45 225 180 
5 400 1.5 1.62 0.8 4.3 1.8 128 75 
6 400 2.5 0.95 0.27 5.9 1.75 78 60 
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(a) 
(b) 
(c) 
Figure 7-9 Impact of stabilization on model performance during initial phase (a) pipe 
deflection (b) surface settlement (c) pressure on pipe 
196 
7.3.3 Cyclic Phase 
The impact of stabilization during cyclic phase on model response is also assessed and 
results are presented in this section. The solid line in the graphs represent pipe in pure 
sand and dashed lines represent pipe in cement-treated material. 
Figure 7-10-a compares the maximum pipe vertical deflection under cyclic load 
for pipe buried in sand and cement-treated backfill material. Vertical axis represents 
maximum pipe deflection and horizontal axis represents number of examined data. It can 
be seen that for 3000 data and for all 12 cases, stabilization reduces pipe deflection. For 
example, for the first case burial depth of H=1D and 250 kPa, maximum VDS of pipe for 
non-treated and cement-treated cases are 2 and 0.3%, respectively. It means adding 
cement improves pipe performance and its maximum deflection drops to 80% of its 
original value. Stabilization affects VDS of pipe as illustrated earlier in Figure 7-2. The 
pipe deflection is also higher for pure sand than cement treated one. For example, the 
difference between maximum and minimum value of VDS at cycle 100th for NC 1 400 
and C 1 400 are 2.2% and 1%, respectively. This difference is more significant for deeper 
burial depth as shown in Figure 7-2. Moreover, for both cases of stabilized and pure 
sand, the pipe deflection variation for shallower burial depths is higher than those buried 
in deeper depths. Impact of stabilization on VDS v is illustrated in Figure 7-10-b. 
Horizontal axis represents VDS variations and vertical axis represents applied pressure. 
The figure compares vertical deflection of pipe for non-treated and cement-treated 
material under surface pressure of 400 kPa during the first 20 cycles. The hystersis graph 
shows after 20 cycles, the maximum pipe deflection for non-treated trench material and 
cement-treated are 0.45 and 0.31, repectively. Results also confirm VDS is higher for 
non-cemented material as illustrated in Figure 7-10-b and loops for cement treated 
materials get closer.  
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(a) 
 
(b) 
Figure 7-10 Pipe deflection comparison between cement-treated and non-treated 
material  
 
Figure 7-11-a compares the maximum values of SSS under cyclic load for pipe 
buried in non-treated and cement-treated materials. Vertical axis represents maximum 
normalized surface settlement or SSS/H and horizontal axis represents number of 
examined data. It can be seen that stabilization reduces soil surface settlement 
significantly for all cases. For example, for the first case, burial depth of H=1D and 250 
kPa, SSS/H of pure sand reaches to 0.22. After stabilization this value hardly reaches to 
0.01 and it remains steady. It means adding cement reduces soil permanent deformation 
with 95% reduction in surface settlement. The impact of stabilization on SSS is illustrated 
in a hystersis graph for one case only, Figure 7-11-b. After 20 cycles, the surface 
settlement for non-treated trench material and cement-treated are 7.2 mm and 2.1 mm, 
repectively. Results also confirms that the impact of stabilization on SSS variation is 
more significant compared to VDS. The results of load-SSS paths are also reveal that 
SSS is higher for non-cemented material and loops get closer for cement-treated sand. 
Comparison of Figure 7-10-a and Figure 7-11-b shows that the rate of increasing surface 
settlement is higher compared to VDS.  
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(a) 
(b) 
Figure 7-11 Comparison of soil surface settlement in stabilized and non-stabilized 
trench material  
Figure 7-12-a compares the impact of stabilization on stress on pipe crown buried 
in pure sand and cement-treated backfill material. Vertical axis represents the ratio of 
maximum normalized stress at pipe crown to applied stress and horizontal axis 
represents number of examined data. It can be seen that stabilization reduces stress on 
pipe. For example, for burial depth of H=1D and surface pressure of 250 kPa, the ratio 
of transferred stress to applied stress for pure sand is more than 0.5. After stabilization 
this value is 0.32 and it remains steady. It means adding cement to soil reduces earth 
pressure on pipe and by 40%. Figure 7-12-b compares the stress variation under cyclic 
load for pipe buried in sand and cement-treated backfill material for only one case. 
Graphs in solid line represent pipe in pure sand, dashed line graphs represent pipe in 
cement-treated material and blue dashed line represents applied stress. Vertical axis 
represents stress and horizontal axis represents time. Stress on pipe for non-treated 
sand under 250 kPa applied stress is around 60 kPa. After stabilization this value drops 
to less than 35 kPa although these values fluctuate over time.   
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(a) 
(b) 
Figure 7-12 (a) Impact of stabilisation on stress on pipe (b) zoom lay out for 
case of H/D=2.5-250 kPa 
Figure 7-13 compares horizontal strain of pipe under cyclic load for non-treated 
and cement-treated trench material. Vertical axis represents strain gauge readings at 
pipe springline and horizontal axis represents number of data. Overall, stabilization 
reduces strain at pipe springlie for all cases. For example, for burial depth of H=1D and 
250 kPa surface pressure, horizontal strain gauge reading for pure sand reaches to 
2500. After stabilization this value is 1000 and it remains almost steady. It means adding 
cement reduces horizontal strain of pipe by 60%.  
Figure 7-13 Impact of stabilisation on horizontal strain gauge 
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7.3.4 Quantifying the Impact of Stabilization 
Results presented in the previous chapter and this chapter reveal that adding cement to 
the soil improves model performance. In order to assess the impact of adding cement 
on model behaviour, Ei value is determined as below: 
Ei=Xc /Xp 7-1
In which Xc and Xp are related to the properties of cement-treated and untreated 
soil, respectively. Ei is calculated based on Equation 7-1 and results are presented in 
terms of E1= VDSC/VDSPS, E2= SSSc / SSSPs, E3= σC / σPS and E4= SG2c / SG2PS. The 
smaller the Ei value is, the more efficient is stabilization. For better understanding of the 
impact of stabilization, Ei is calculated separately during initial and cyclic phase. The 
results of initial phase are illustrated in Table 7-4. It can be seen that the ratio is less 
than 1 for all cases showing the efficiency of adding cement in model performance 
improvement. Considering E1 or impact of adding cement on pipe deflection shows that 
stabilization reduces pipe deflection significantly and the ratio of pipe deflection for 
cement-treated over pure sand fluctuates between 0.09 and 0.65 meaning that 
stabilization can reduce pipe deflection up to 90%.  
Table 7-4 Stabilization impact ratio during initial phase 
Test 
No Surface pressure H/D E1 E2 E3 
E4 
1 250 1 0.16 0.57 0.70 0.69 
2 250 2 0.22 0.40 0.56 0.40 
3 250 3 0.09 0.45 0.55 0.60 
4 400 1 0.60 0.40 0.80 0.43 
5 400 2 0.49 0.42 0.59 0.53 
6 400 3 0.28 0.30 0.77 0.69 
In order to assess the impact of adding cement on model behaviour during cyclic 
phase, Ei value is determined based on Equation 7-1 and results are presented in 
Figure 7-14. These values are calculated for cycle 1, 100th and 500th. It can be seen that 
the ratio is less than 1 for all cases showing the efficiency of adding cement in model 
performance. For example, VDSC/VDSPS fluctuates between 0.02 and 0.6 and 
SSSC/SSSPS varies between 0.05 and 0.6. It means stabilization reduces pipe deflection 
and soil permanent deformation for all cases.  
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However, comparison of Ei for cycle 1, 100 and 500 shows that it is lower at cycle 
500. It means stabilization is more efficient in cyclic load than static load. For example,
the ratio of SSSC/SSSPS for case 4 drops from 0.5 at cycle 1 to less than 0.1 at cycle
500th. It has been shown previously that SSSC for cement treated cases remain steady
and does not change under higher number of cycles. However, for non-treated sand
SSSPS increases when number of cycles increases. It means the rate of increasing SSSc
is less than SSSSP and in Equation 7-1  the ratio becomes smaller as the numerator stays
steady while the denominator becomes bigger. These ratios are calculated for pipe
deflection, stress on pipe crown and readings of strain gauges at pipe springline as well.
The results are illustrated in Figure 7-14-c and Figure 7-14-d. All ratios are less than 1
showing the efficiency of stabilization.
(a) (b) 
(c) (d) 
Figure 7-14 Quantifying the impact of stabilization on (a) VDS (b) SSS (c) σ (d) SG2 
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Importance of Initial Phase 
As shown in previous sections, large portion of pipe deformation and soil surface 
settlement occurs at the end of first loading cycle. These values are significant compared 
to the total values after large number of cycles. Therefore, the impact of initial phase for 
both non-treated and cement-treated is calculated and results are presented in 
Figure 7-15-a-c. The horizontal axis represents test series number and vertical axis 
represents the ratio of I0/IN in which I represents VDS, SSS and SG. For example 
VDS0/VDSN represents the ratio of VDS0 or pipe deflection at the end of first cycle to 
VDSN which represents pipe deflection at cycle N. N is chosen to be 100th and 500th.  
Overall, for both VDS and SSS, the ratio for cement treated materials is higher 
than those related to non-treated samples. For example, the ratio of soil surface 
settlement in first cycle to cycle N, varies between 0.05 and 0.35 for non-treated material. 
This value is higher for cement-treated material and varies between 0.25 and 0.75. It 
means for some cases only 5% of surface settlement occurs during first cycle for non-
treated material. However, for cement treated cases minimum 25% of surface settlement 
occurs in the first cycle. This means the impact of cyclic load is more significant for non-
stabilized sand compared to stabilized sand. In other words, rate of increasing surface 
settlement for pure sand is higher than those for non-stabilized sand. The ratio of I0/IN is 
smaller for non-treated sand as the numerator of IN is bigger in the equation for non- due 
to higher soil surface settlement. 
The same conclusions can be made for pipe deflection in both vertical and 
horizontal directions. The ratio of pipe vertical deflection in the first cycle to cycle N is 
higher for cement-treated material. High portion of model deformation occurs during first 
cycle for both cement-treated and non-treated cases. However, the impact of first cycle 
is more significant for cement-treated material.  
The results achieved here are consistent with those achieved in the literature 
(Moghaddas Tafreshi & Khalaj, 2008). They also found that large portion of the pipe 
deformation and soil settlement occurs at the end of the first cycle. The ratio they found 
varied between 0.60 and 0.85. As mentioned earlier the level of compactions of their 
samples were lower than current research. In addition, the cyclic load impact was 
investigated at 100 cycles only. It should be noted that the impact of cement-stabilization 
was not considered in mentioned research.  
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(a) 
(b) 
(c) 
Figure 7-15 impact of first cycle loading on (a) VDS (b) SSS (c) SG2 
Predicting Model Response 
The main objective of many engineering projects is predicting the model response. As 
shown in this research the deflection of pipe, soil surface settlement and pressure on 
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pipe were found to be function of burial depth, surface pressure and number of loading 
cycles. Therefore, equations can be developed to estimate pipe deflection, soil surface 
settlement and pressure on pipe. To have dimensionless equations, relationships were 
developed as normalized. Dependent variables of SSS, soil surface settlement, vertical 
diametric strain, VDS and vertical earth pressure on pipe, σ are influenced by 
independent variables of burial depth, surface pressure and number of loading cycles. 
Thus, for initial phase there are only two variables for each analysis and polynomial 
regression will be appropriate to predict model response and the results will be displayed 
in three dimensional plots. However, for cyclic phase, three independent variables of 
number of cycles, burial depth and surface pressure have impact on SSS, VDS and σ. 
Therefore, for cyclic phase, Regression method and Artificial Neural Network approach 
were chosen to predict model response due to traffic load. It should be noted that all 
equations are normalised using dimensionless values for both predictors and variables. 
For example, variable x represents burial depth (H/D) and y represents loading 
conditions (P/P0) which is magnitude of surface pressure to minimum applied pressure. 
For predictors normalised equations were used. Pipe deflection is dimensionless 
predictor while SSS and σ were normalised by dividing to depth of pipe (SSS/H) and 
applied load (σ/P), respectively. In the following sections, the methodology for predicting 
model response for each phase will be addressed. Then, developed equations are 
presented for untreated and cement-treated cases separately. Following this, 
comparison will be made between observed and predicted values. Finally, cumulative 
error histograms will be calculated to show precision of each method. Table 7-5 
summarises different methods for predicting equations in the current research. 
Table 7-5 Different methods for predicting equations in the current research 
Phase  Predicting methods   Objectives 
Initial phase 
• Non-treated
• Cement-treated
Regression model 
Section 7.5.1 
Developing equation to predict model 
response 
Comparison between predicted results and 
experimental and numerical data 
Cyclic phase 
• Non-treated
• Cement-treated
Regression model 
7.5.2.1 
Developing equations to predict model 
response using two methods 
Comparison between predicted results of 
regression model, neural network and 
those obtained from experimental data 
Neural network 
7.5.2.2 
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7.5.1 Prediction Model Response in Initial Phase 
A regression model has been developed to predict VDS, SSS and σ in initial phase using 
Curve Fitting Toolbox in Matlab (MATLAB, 2015a). This toolbox provides an app and 
functions for fitting curves and surfaces to data. After few trial and errors a linear 
polynomial model found to be best to predict model response. The function used was a 
polynomial surface with f= fit ([x, y], z, 'poly23') or a degree 2 in x and degree 3 in y.  The 
general equation is as follows: 
 f(x y)  =  p00 +  p10 ∗ x +  p01 ∗ y +  p20 ∗ x^2 +  p11 ∗ x ∗ y 7-2
where x and y are variables representing burial depth and surface pressure, 
respectively. More details about this method can be found in (Matlab, 2005).  
7.5.1.1 Non- treated 
From all tests and finite element analysis the partial regression coefficients (p00, p10, 
p01, p20 and p11) are calculated and presented in Table 7-6. Some parts of this section 
can be found in other published references (Mosadegh & Nikraz, 2017). 
Table 7-6 Coefficients and goodness to fit 
Prediction P00 P10 P01 P20 P11 R-square  SSE
VDS Pr 1.115 -0.3348 0.5405 -0.1683 0.2274 0.9959 0.04097 
SSS Pr/H 0.1546 -0.1579 +0.2216 0.04111 -0.04243 0.9899 0.001035 
σPr/P 0.9808 -0.7082 0.1485 0.1723 -0.08357   0.9842 0.003398 
𝑉𝑉𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟 = 1.115− 0.3348 ∗ 𝐻𝐻𝑃𝑃 + 0.5405 ∗ 𝑃𝑃𝑃𝑃0− 0.1683 ∗ (𝐻𝐻𝑃𝑃)2 + 0.2274 ∗ (𝐻𝐻𝑃𝑃) ∗ 𝑃𝑃𝑃𝑃0 7-3
𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑟𝑟
𝐻𝐻
= 0.1546− 0.1579 𝐻𝐻
𝑃𝑃
+ 0.2216 ∗ 𝑃𝑃
𝑃𝑃0 + 0.04111 ∗ �𝐻𝐻𝑃𝑃 �2 − 0.04243 �𝐻𝐻𝑃𝑃 � ∗ 𝑃𝑃𝑃𝑃0 7-4
𝜎𝜎𝑃𝑃𝑟𝑟/𝑃𝑃 =0.9808-0.7082*(𝐻𝐻𝐷𝐷) + 0.145* 𝑃𝑃𝑃𝑃0+ 0.1723*(𝐻𝐻𝐷𝐷)2 -0.08357 ∗ (𝐻𝐻𝐷𝐷) ∗  𝑃𝑃𝑃𝑃0 7-5
In order to show the change of three predictors with burial depth and surface 
pressure variations, results are presented in a three-dimensional plot in Figure 7-16. X 
axis represents change of burial depth and Y axis represents change of surface 
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pressure. Z axis shows change of investigated factors (for example in Figure 7-16-a Z 
axis represents VDS variations). It can be seen that increasing burial depth leads to a 
decrease in VDS and increasing surface pressure leads to an increase in VDS.  
Predicted values for VDS, SSS and σ are calculated using Equations 7-3 to 7-5 
and results are presented in Table 7-7 to Table 7-9. In addition, for each value a further 
assessing of accuracy of the model as percentage of error is calculated based on 
following equations: 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = (𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒−𝐴𝐴𝑒𝑒𝑝𝑝
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
)X100 7-6
𝐸𝐸𝐸𝐸𝑁𝑁𝑢𝑢𝑁𝑁 = (𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁−𝐴𝐴𝑒𝑒𝑝𝑝𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁 )X100 7-7
In which Epexp and EpNum are error percentages for experimental and finite 
element analyses, respectively. Aexp, ANum and Apr are observed experimental, observed 
numerical and predicted value at each test series, respectively. All predicted values and 
errors are calculated and results are in the last two columns in Table 7-7 to Table 7-9. 
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(a) 
(b) 
(c) 
Figure 7-16 Response surface model (a) VDS (b) SSS (c) σ 
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Table 7-7 Comparison of maximum pipe deflection with predicted value 
H/D Applied 
pressure 
VDSexp VDSFEM VDS Pr Epexp (%) EpNum (%) 
1 250 1.4000 1.3800 1.3797 1.45 0.0163 
1.5 250 1.0900 1.1100 1.1156 -2.35 -0.51
2.5 250 0.3200 0.3600 0.33505 -4.70 6.927 
1 400 1.8600 1.8000 1.8405 1.04 -2.25
1.5 400 1.6200 1.7000 1.6446 -1.52 3.25
2.5 400 0.9500 1.0400 1.0004 -5.30 3.805
Table 7-8 Comparison of maximum surface settlement with predicted value 
H/D Applied pressure SSSexp/H SSSFEM/H SSSPr/H Epexp (%) 
EpNum
(%) 
1 250 0.2109 0.2091 0.2170 -2.87 -3.77
1.5 250 0.181 0.1752 0.1682 7.17 3.967 
2.5 250 0.1305 0.1295 0.1323 -1.35 -2.20
1 400 0.3318 0.3273 0.3245 2.21 0.85
1.5 400 0.2606 0.2570 0.2630 -0.90 -2.33
2.5 400 0.2145 0.1982 0.2016 6.02 
-
1.738
Table 7-9 Comparison of maximum stress on pipe with predicted value 
H/D Applied pressure σexp/P σ FEM/P σ Pr/P Epexp (%) 
EpNum 
(%) 
1 250 0.512 0.48 0.5063 1.10 -5.485
1.5 250 0.36 0.34 0.3258 9.49 4.1705 
2.5 250 0.22 0.22 0.2232 -1.47 -1.477
1 400 0.5625 0.5625 0.5431 3.43 3.4332 
1.5 400 0.32 0.325 0.3376 -5.50 -3.879
2.5 400 0.195 0.2 0.1848 5.182 7.552
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Figure 7-17 compares observed versus predicted data for VDS, SSS/H and σ/P. 
Plotting predicted and observed values graphically illustrates different R-squared values 
for regression models. Diagonal line is where observed and predicted values are exactly 
equal. It is shown that data are well distributed around the diagonal line and high values 
of R-squared in each graph indicate the model fits the data in a convenient way. 
(a) 
(b) 
(c) 
Figure 7-17 Comparison between observed and predicted values (a) VDS, (b) 
SSS/D (c) σ/P 
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Cumulative error can provide an easy way to compare different sets of data and 
is calculated by dividing the cumulative frequency by the total number of observations 
(n), multiplied by 100. In order to show the precision of predicted results, the cumulative 
histogram percentage of errors for all prediction of VDS, SSS/H and σ/P are calculated 
and results are shown in Figure 7-18. Results reveal that the maximum error is 10% for 
pressure on pipe. For all data maximum errors are approximately 4%, 7% and 10% for 
SSS/H, VDS and σ/P, respectively.  
Figure 7-18 Cumulative histogram percentage of error for the prediction of SSS, VDS 
and σ 
7.5.1.2 Cement-treated soil 
A regression model was also developed to predict the VDS, SSS/H and σ /P in initial 
phase for cemented sand. The function is a polynomial equation and methodology is the 
same as those explained in the previous section. Linear functions to predict model 
response are developed and illustrated in Equations 7-8, 7-9 and 7-10.The coefficient for 
each equation is calculated and results are shown in Table 7-10.  
Table 7-10 Coefficients and goodness to fit 
p00 p10 p01 p20 p11 RMSE R-square
VDSPr -2.254 1.211 2.21 -0.1758 -0.7399 0.0802 0.9645 
SSSPr/H 0.02002 -.01917 0.0099 0.0049 -0.0030 0.0015 0.9162 
σPr/P 1.015 -0.9129 0.0601 0.2188 -0.0098 0.0271 0.962 
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VDSpr = -2.54+1.211*(H/D) + 2.21*P/P0 -0.175*(H/D)^2 -0.7399 *(H/D)* P/P0 7-8
SSSpr/H =0.02002-0.01917*(H/D)+ 0.009923* P/P0+0.004965*(H/D)^2-
0.003084*(H/D)* P/P0  
7-9
σpr/P= 1.015-0.9129*(H/D) 0.06012*(P/P0)+ 0.2188*(H/D)^2 -0.009821*(H/D)* 
P/P0  
7-10
Similar to previous section, results are presented in a three-dimensional plot in 
Figure 7-19. X axis represents burial depth and Y axis represents surface pressure. Z 
axis shows the investigated factors. For example, change of VDS versus burial depth 
and surface pressure is illustrated in Figure 7-19-a. It can be seen that increasing burial 
depth leads to a decrease in VDS and increasing surface pressure increases VDS. 
Predicted values for VDS, SSS/H and σ/P are calculated and results are presented in 
Table 7-11 to Table 7-13. In addition, similar to previous section for each predictor, the 
percentage of error is calculated and results are illustrated in the relevant table. 
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(a) 
(b) 
(c) 
Figure 7-19 Response surface model (a) VDS (b) SSS/H (c) σ/P 
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Table 7-11 Comparison of maximum pipe deflection with predicted value 
H/D Applied pressure VDSexp VDSNum VDSpr 
Epexp 
(%) EpNum (%) 
1 250 0.2200 0.3000 0.2513 -14.23 16.23 
1.5 250 0.2400 0.2700 0.2671 -11.29 1.07 
2.5 250 0.0300 0.0400 0.0350 -16.67 12.50 
1 400 1.1250 1.1250 1.1334 -0.74 -0.74
1.5 400 0.8000 1.0800 0.9272 -15.90 14.15 
2.5 400 0.2700 0.2250 0.2512 6.98 -11.62
Table 7-12 Comparison of maximum surface settlement with predicted value 
H/D Applied pressure SSSexp /H SSSNum /H SSS-pr/H 
Epexp 
(%) EpNum (%) 
1 250 0.0127 0.01333 0.01265 0.100 5.095 
1.5 250 0.0076 0.00686 0.00773 -1.499 -12.777
2.5 250 0.00617 0.00488 0.00534 13.484 -9.496
1 400 0.01668 0.01905 0.01676 -9.970 12.024 
1.5 400 0.0114 0.01143 0.01091 4.525 4.525 
2.5 400 0.0067 0.00636 0.00667 -0.006 -4.796
Table 7-13 Comparison of maximum stress on pipe with predicted value 
H/D Applied pressure σexp /P σNum/P σpr/P Epexp (%) EpNum (%) 
1 250 0.3600 0.3712 0.371 -3.111 -3.111
1.5 250 0.2000 0.1833 0.183 8.331 8.331 
2.5 250 0.1200 0.1358 0.136 -13.181 2.988 
1 400 0.4500 0.4014 0.401 10.805 -7.034
1.5 400 0.1875 0.2106 0.211 -12.305 -5.286
2.5 400 0.1500 0.1572 0.157 -4.772 10.195 
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To understand the accuracy of model, observed values are plotted versus 
predicted and results are shown in Figure 7-20. The R2 of regression for the predicted 
versus observed values is shown in each graph. Overall, a good agreement exists 
between predicted and observed values and R2 ranges between 0.9 and 0.97 showing 
acceptable accuracy of predicted results. 
.
(a) 
(b) 
(c) 
Figure 7-20 Comparison between observed  and predicted values for cemented sand 
during initial phase (a) VDS, (b) SSS/H (c) σ/P 
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To show precision of the predicted results, a cumulative histogram of the 
proposed model is developed and illustrated in Figure 7-21. Overall, around 80% of 
all data have less than 12%, 13% and 16% error for pressure on pipe, soil surface 
settlement and pipe vertical deflection, respectively. However, for all data maximum 
errors are approximately 14%, 14% and 17% for σ, SSS, VDS, respectively.  
 
Figure 7-21 Cumulative histogram percentage of error for the prediction of 
SSS, VDS and σ 
 
7.5.2 Predicting Model Response in Cyclic Phase  
As mentioned earlier for cyclic phase, three independent variables including number 
of cycles, burial depth and surface pressure have impact on model performance. In 
this section, both multiple linear regression method and artificial neural network 
models are chosen to predict model response due to cyclic load (MATLAB, 2015a). 
Regression model utilizes the relation between two or more quantities variables to 
predict the response model. Neural network is basically a model structure using 
different algorithms for fitting the model with architecture inspired by the humane 
brain. Unlike regression model, neural network models are not limited by simplifying 
mathematical assumptions.  
In the following sections, two different methods for predicting model response 
for cyclic phase are discussed. First, methodology and definitions of each model is 
briefly discussed. Then, equations are developed for each method for both non-
treated and cement-treated cases. This will be followed by comparison between 
observed and predicted values and calculating cumulative error histograms to show 
accuracy of each method.  
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7.5.2.1 Multiple Linear Regression 
Linear Regression Model Regression analysis is a mathematical approach for 
prediction and forecasting the model response. In this section, multiple linear 
regression models are introduced to find a relationship between dependent variable 
y and the independent variable x. The equation can be described as follows in which 
the relationship between dependent variable y and n independent variables Xi is 
presented.  
y=β0+β1X1+β2X2+β3X3+…. ΒnXn. 7-11
Where βi are the n+1 regression coefficient of the linear model. The regression 
coefficients are estimated by minimizing the mean-squared difference between 
predicted and observed values. More details can be found in (Trauth, 2015) 
In this section, the relationship between independent variables of H/D or burial 
depth ratio, P or stress ratio, N (and LogN) or number of cycles, and dependent 
variables of VDS, SSS/H and σ/P are determined. First, all variables are defined in a 
table as input values for data processing. Input parameters stored in the table shown 
as tbl in the Equation 7-11. Then all beta coefficients of 7-11are calculated using fitlm 
in Matlab as shown in Equation 7-12. The calculations are repeated for each factor to 
find fitted output in the modelspace. After running fitlm, the equations will be displayed 
along with a table with the regression coefficient estimated for each predictor variable 
in the first column. The standard error, the F-statistic, and the p-values of the 
estimated coefficient are displayed in other columns. The quality of the model is very 
good if the p-value of the model constant is zero. Tables illustrating estimated 
coefficients along with estimated errors and P-Values are presented in Appendix D.  
mdl= fitlm(tbl, modelspec); 7-12
The following section, discusses the results of predicted versus observed data 
for each test as shown in Figure 7-22 and Figure 7-23 for non-treated and cement-
treated cases. As mentioned in the previous section, the higher the R2 value, the more 
accurate the results are. It can be seen that R2 varies between 0.95 and 0.99 showing 
the model has accurate predictions. 
217 
(a) 
(b) 
(c) 
Figure 7-22 Comparison between observed and predicted values for non-treated 
case during cyclic phase (a) VDS, (b) SSS/H (c) σ/P  
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(a) 
(b) 
(c) 
Figure 7-23 Comparison between observed and predicted values for cement-treated 
case during cyclic phase (a) VDS, (b) SSS/H (c) σ/P 
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7.5.2.2 Second method: Neural network 
The Neural Fitting application will help to select data, create and train a network, and 
evaluate its performance using mean square error and regression analysis. In fitting 
problems, neural network will map between a data set of numeric inputs and a set of 
numeric targets. The default performance function for feedforward networks is mean 
square error mse which is defined as following equation:  
𝐹𝐹 = 𝑚𝑚𝑚𝑚𝐸𝐸 = 1
𝑁𝑁
�(𝐸𝐸𝑒𝑒)2 = 1
𝑁𝑁
�(𝐸𝐸 − 𝑎𝑎𝑖𝑖)2𝑁𝑁
𝑖𝑖=1
𝑁𝑁
𝑖𝑖=1
 
7-13
ANNs can be grouped into two major categories: feed-forward and feedback 
networks. In the feed-forward network, no loops are formed by the network 
connections, while one or more loops may exist in the feedback. The most commonly 
used family of feed-forward networks is a layered network in which neurons are 
organized into layers with connections strictly in one direction from one layer to 
another (Jain et al., 1996). If the neurons in a hidden layer are too few, the neural 
network will not be able to model the data accurately. If the number of neurons in a 
hidden layer is too large it may lead to over-training. This research used 10 hidden 
nodes as shown in Figure 7-24 and Equations 7-13 to 15. Where 3-NH-1 label 
denotes that there are 3 inputs and 1 output and NH indicates the number of hidden 
nodes. 
{𝑆𝑆𝑆𝑆𝑆𝑆|𝐻𝐻}=ANN3-NH-1�𝐻𝐻
𝐷𝐷
,𝑃𝑃, 𝐿𝐿𝐿𝐿𝐿𝐿𝑁𝑁� 7-14{𝑉𝑉𝑃𝑃𝑆𝑆}=ANN3-NH-1�𝐻𝐻
𝐷𝐷
,𝑃𝑃, 𝐿𝐿𝐿𝐿𝐿𝐿𝑁𝑁� 7-15{𝜎𝜎/𝑃𝑃}=ANN3-NH-1�𝐻𝐻
𝐷𝐷
,𝑃𝑃, 𝐿𝐿𝐿𝐿𝐿𝐿𝑁𝑁�  7-16
Figure 7-24 A Multi-layered perceptron (MLP) network (Matlab, 2015) 
In particular, three data sets are commonly used in different stages of the 
creation of the model. Three types of data and stages are as follows: 
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(1) Training: which is presented to the network during training and the
network is adjusted according to its error.
(2) Validation which is used to measure network generalization
(3) Testing which have no effect on training and thus provide an independent
measure of network performance during and after training.
In the current research a Levenberg algorithm was used which typically takes 
more memory but less time. Training automatically stops when generalization stops 
improving, as indicated by an increase in the mean square error of the validation 
samples. Overall, in this research the modelling process for neural network is adapted 
through the following steps: 
1. Creating a database from laboratory cyclic test, and separated
randomly into three distinct groups: training, testing and validation;
2. Creating the basic architecture of the neural network model using
inputs, outputs and the number of hidden layers;
3. Training and testing the neural network model to create the optimal
structure, which includes determining the optimal number of hidden
nodes and iterations;
4. Comparing the statistical accuracy of the calculations from the
training, testing and validation phases; is the statistical accuracy from
training, testing, and validation sets comparable?
5. If no, go back to step 3; if yes, go to step 6;
6. The neural network model with an acceptable structure for the desired
model is created.
The next step is creating a regression plot, which shows the relationship 
between the outputs of the network and the targets. The regression results for VDS, 
SSS/H and σ/P are illustrated in Figure 7-25 and Figure 7-26. If the training is perfect, 
the network outputs and the targets would be exactly equal, but the relationship is 
rarely perfect in practice. In each regression analysis, there are four regression charts 
including the training, validation, testing and all dataset. The dashed line in each plot 
represents the perfect result and the solid line represents the best fit linear regression 
line between outputs and targets.  
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(a) 
(b) 
(c) 
Figure 7-25 Results for non-treated case (a) VDS (b) SSS/H (c) σ/P 
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(a) 
(b) 
(c) 
Figure 7-26 Results for cement-treated case (a) VDS (b) SSS/H (c) σ/P 
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To investigate the performance of neural network model, the value of R and 
MSE are calculated and summarised Table 7-14. It can be seen for all cases values 
of R are very close to 1 and MSE values are very small showing the reliability of the 
results. It is worth noting that R Values measure the correlation between outputs and 
targets. A value of 1 means a close relationship and 0 is a random relationship. In 
addition, Mean Squared Error or MSE is the average squared difference between 
outputs and targets and lower values are better.  
Table 7-14 Statistical parameters for non-treatd and cement-treated cases 
Non-treated Cement-treated 
VDS Training Validation Testing Training Validation Testing 
Number of 
samples 875 185 185 2081 446 446 
R 0.99992 0.9996 0.9994 0.9997 0.9997 0.9997 
MSE 7.00E-05 4.00E-05 6.00E-05 1.20E-05 1.50E-05 1.75E-05 
SSSH Training Validation Testing Training Validation Testing 
Number of 
samples 875 185 185 2081 446 446 
R 0.998 0.9992 0.9997 1.00E-08 9.00E-09 1.00E-08 
MSE 1.00E-06 1.20E-06 2.50E-06 0.9908 0.9992 0.9998 
σ/P Training Validation Testing Training Validation Testing 
Number of 
samples 288 62 62 288 62 62 
R 0.9 0.99 0.99 0.999 0.998 0.998 
MSE 5.00E-05 4.10E-05 1.90E-04 1.00E-05 1.10E-05 2.00E-05 
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7.5.3 Comparison of Two Methods 
Two methods of regression model and neural network were developed based on 
experimental data to predict model response during cyclic phase. It should be noted 
that the neural network methodology is based on the attempt to model the way a 
biological brain processes data. It is thus quite different from standard regression 
analysis for prediction. Numerous studies have shown neural network models 
represent a promising modelling technique especially for data sets having non-linear 
relationships which are frequently encountered in engineering processes. Unlike the 
regression model, neural network models are not constrained by simplifying 
mathematical assumptions (e.g. linear system, normal distribution, etc.). The results 
of predicting model response based on two methods were presented in this chapter. 
In this section, results achieved using the two methods are compared. First, the 
predicted values based on each method will be compared with experimental data. 
Then, in order to show the accuracy of the predicted results in cyclic phase, the 
magnitude of error and cumulative histogram percentage of errors will be calculated. 
7.5.3.1 Verification of models 
In order to verify the proposed models, the predicted values of VDS, SSS/H and σ/P 
through two methods were plotted versus raw experimental data. Results for non-
treated and cement-treated cases are illustrated in Figure 7-27 and Figure 7-28, 
respectively. The horizontal axis represents data from all six series of tests. Vertical 
axis represents change of VDS, SSS/H and σ/P in which H is burial depth of the pipe 
in each test and P is applied surface pressure. It should be noted that all data were 
chosen based on maximum values of each parameter at each cycle. Overall, for both 
figures neural network results are more accurate compared to those calculated using 
regression method especially at the beginning of each test.  
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(a) 
(b) 
(c) 
Figure 7-27 Comparison of neural network predicted values with test results of non-
stabilized specimens (a) VDS (b) SSS/H (c) σ/P 
Test1 Test 6 
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(a) 
(b) 
(c) 
Figure 7-28 Comparison of neural network predicted values with test results of 
cement-treated specimens (a) VDS (b) SSS/H (c) σ/P 
Test1 Test 6 
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In order to show the accuracy of the predicted results, the magnitude of error 
and cumulative histogram percentage of errors are calculated and results are shown 
in Figure 7-29 and Figure 7-30 for non-treated and cement-treated materials, 
respectively. The information of each graph is shown on the legend consisting of three 
parts representing method of prediction, investigating value and test condition. For 
example, RM-VDS-NC is referring to deflection measurement using regression 
method for non-cement treated soil. Overall, for all data the cumulative percentage 
error for neural network method is less than those calculated through regression 
method. In all figures, all data have less than 15% error for non-treated and 20% error 
for cement-treated materials. These values for regression models are 40% and 42%. 
The comparison of two methods reveals that the predicted values of VDS, SSS/H and 
σ/P using neural network is more convenient than regression method. 
Figure 7-29 Cumulative histogram percentage of errors for the prediction of VDS, 
SSS/H and σ/P 
Figure 7-30 Cumulative histogram percentage of errors for the prediction of VDS, 
SSS/H and σ/P 
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Table 7-15 and Table 7-16 summarise statistical parameters to quantify the 
accuracy of each method. It should be noted that emax is the maximum percentage 
error, R-square is the coefficient of determination and MSE is mean squared error. 
Overall, lower errors are observed in neural network methods. For example, the 
maximum error for predicted VDS for non-treated materials are 38% and 10% for 
regression method and neural network model, respectively. For the same case, higher 
R squared and lower MSE values are observed for neural network prediction. 
Comparison of the two methods in this section show that the predictions obtained 
from the neural network are more accurate compared to those obtained using 
regression method. 
Table 7-15 Comparing statistical parameters of two methods for non-treated 
material 
Parameter Method emax (%) R-square MSE 
VDS Regression 38 0.95 0.0083 
Neural network 10 0.999 7e-5 
SSS/H Regression 36 0.99 6e-4 
Neural network 12 0.999 1e-6 
σ/P Regression 40 0.98 2.9e-5 
Neural network 15.9 0.998 6e-5 
Table 7-16 Comparing statistical parameters of two methods for cement-treated 
material 
Parameter Method emax (%) R-square MSE 
VDS Regression 32 0.9911 0.0022 
Neural network 19 0.99 1.1e-4 
SSS/H Regression 40 0.92 4.4e-6 
Neural network 16 0.99 1e-8 
σ/P Regression 40 0.98 1e-4 
Neural network 5.8 0.9997 3e-5 
It is noted regression and neural network models can be used to predict soil 
and pipe behaviour for more cases.  In other words, these methods can be used to 
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predict values of VDS, SSS and σ on pipe for any combination of input variables as 
long as these values are within the coverage range of database. However, the number 
of data for number of cycles or N are much higher than number of other variables 
such as burial depths H/D and surface pressure, P. This means further investigations 
are needed for a broader range of variables to have a balance matrix of variables in 
predicting equations by implementing neural network.  
 SUMMARY AND CONCLUSSION 
This chapter reviewed test results with focus on analysing the impact of different 
factors and stabilization on model performance. The main conclusions through this 
chapter are summarised as follows:  
• Impact of various factors on model response during initial phase and cyclic
phase was investigated. Results revealed that pipe burial depth has a
significant impact on all variables. Soil surface settlement increases as pipe
burial depth increases. Increasing burial depth reduces pressure on pipe
crown as well as pipe deflection. In addition, increasing surface pressure has
a significant impact on increasing pipe deflection, soil surface settlement and
pressure on pipe as expected.
• The impact of stabilization on bearing capacity and model response was also
discussed. The results indicated that material stabilization improves load
bearing capacity. Adding cement significantly increases ultimate bearing
capacity of loading plate and decreases pipe deflection and surface
settlement. Bearing capacity of the material increases from 600 kPa to almost
1100 kPa. Pipe deflection decreases from almost 6% to less than 1% after
stabilization. Surface settlement also drops to one fourth of its original value
after stabilization.
• Impact of stabilization on pipe vertical deflection, soil surface settlement,
pressure on pipe and pipe horizontal deflection was investigated during initial
and cyclic phases. Results revealed that stabilization improves model
response for all cases with remarkable reduction in pipe deflection in both
directions, soil settlement and stress on pipe.
• In order to assess the impact of adding cement on model behaviour, the ratio
of non-treated to cement-treated for VDS, SSS and pressure on pipe was
calculated. Results showed this ratio is less than 1 for all cases showing the
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efficiency of adding cement in model performance. In addition, stabilization is 
more efficient in cyclic load than static load. It is noted the impact of cement 
stabilization is more remarkable with increasing the number of cycles.  
•  The impact of first cycle on model response was also investigated. Results 
showed high portion of model deformation occurs during the first cycle. 
However, impact of first cycle is more important in cement-treated material. 
Rate of model deformation for non-treated material is higher than those for 
cement-treated ones which results in higher values in both pipe deflection and 
surface settlement.  
• Equations were developed using Regression model to estimate pipe vertical 
deflection, soil surface settlement and pressure on pipe crown based on all 
numerical and experimental tests data during initial phase. Equations were 
developed for both non-treated and cement-treaded cases. Results showed 
that there is a good agreement between predicted and observed values. In 
order to show the accuracy of results cumulative error was also calculated 
showing that all predicted values have less than 10% error.   
• Two different methods for predicting model response for cyclic phase were 
employed including multiple regression method and neural network model. It 
was shown that while linear regression modelling approach was deficient to 
predict desired parameters, more accurate results were obtained using neural 
network model. In addition, verification of the two models and calculating 
errors revealed that higher errors are observed at the beginning of each cyclic 
phase. Cumulative error analysis showed that all predicted parameters in 
neural network have less than 20% error. This value for regression method is 
42%. 
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8 CONCLUSIONS AND 
FUTURE RESEARCH 
INTRODUTION 
The main objective of this study was to investigate the performance of buried pipe 
subjected to traffic load. The work included physical modelling and numerical 
analysis. First, 31 parametric study was conducted considering some design factors 
affecting buried pipe response. The results were presented in terms of impact on pipe 
deflection, soil surface settlement, maximum earth pressure and stress in pipe wall. 
Then, a sensitivity analysis was performed and relative contribution of each factor was 
investigated to identify the most sensitive factors. The results indicated that surface 
pressure contribution is the most comparing to other parameters followed by burial 
depth and loading area. Then in the following phase of this research, the impact of 
burial depth and surface pressure on a buried pipe was investigated by performing a 
series of loading tests in laboratory and by implementing numerical modelling. The 
effects of various factors on the performance of pipe were also investigated.  
The contribution of the current research to the state of art are summarised as 
follows: 
• Evaluation of the effect of eight design factors on buried pipe response by
implementing numerical parametric study and sensitivity analysis;
• Development of laboratory model capable of testing pipe subjected to cyclic
load;
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• Evaluating the effectiveness of cement stabilization on improving model
performance;
• Development of numerical model to assess the response of buried pipe
subjected to surface load;
• Development of equations to predict soil surface settlement, pipe vertical
diametric strain and pressure on pipe using the Neural Network and Linear
Regression models in Matlab;
ACHIVEMENT OF OBJECTIVES 
To clarify conclusions of this research work, the results will be presented separately 
based on achievement objectives of this research. It is noted only significant findings 
will be highlighted in each section. 
8.2.1 Findings from Parametric Study / In situ condition 
A numerical parametric study was carried out to investigate the impact of different 
factors on pipe-soil behaviour subjected to surface load using ABAQUS. The effects 
of eight different factors such as burial depth, pressure magnitude, width of loading 
area, internal pressure, pipe-soil interaction properties, pipe material, wall thickness 
and boundary condition at the pipeline ends were investigated with in situ condition. 
Results were presented in terms of pipe deflection, surface settlement, and maximum 
stress in pipe wall as well as earth pressure on pipe crown. The parametric study was 
followed by a sensitivity analysis. Based on the results of 29 built in models in 
parametric study, following important conclusions are drawn: 
• Results indicated that surface pressure has the highest contribution on model
response following by burial depth and loading area. Internal pressure has the
highest contribution on stress variation in pipe wall but its contributions on
other factors including pipe deflection, surface settlement and earth pressure
on pipe is not remarkable. Contribution of other investigating factors on model
performance is not remarkable. Based on findings from parametric study burial
depth impact is more considerable in the depths of H <2.5D.
• As a result, the impact of surface pressure and burial depth was selected to
be investigated in the second phase of this research. The selected pipe is
HDPE and burial depth varies between 1D<H <2.5D.
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• The findings from this study reveal that maximum pressure on pipe occurs in
the middle part of the pipe circumference or between 60o to 100o from crown.
Applying internal pressure affects the location where maximum stress occurs.
• Replacing steel pipe with PVC and HDPE increases pipe deflection, the soil
surface settlement and earth pressure on pipe. The highest pipe deflection,
soil surface settlement and earth pressure was observed for HDPE pipe.
8.2.2 Findings from Experimental Analysis   
Twenty six tests were conducted on a buried pipe to investigate model 
response during initial and cyclic phase for both non-treated and cement-
treated trench materials. For this purpose, a new laboratory modeling was 
developed to investigate buried pipe performance comprising a large soil box to 
apply cyclic load on top of trench soil. To find a relationship between measured 
circumferential strain on pipe and pipe deflection, a compressive loading test 
was carried out and pipe deflection and strain were investigated using LVDT and 
strain gauges. Results were presented in terms of pipe deflection, soil surface 
settlement and earth pressure on pipe and the impact of burial depth, surface 
pressure and cycles were investigated.  
• The impact of various factors on model response during initial phase and cyclic
phase was investigated. Results revealed that pipe burial depth has a
significant impact on all variables. Soil surface settlement increases as pipe
burial depth increases. Increasing burial depth reduces pressure on pipe
crown as well as pipe deflection. Increasing surface pressure has a significant
impact on increasing pipe deflection, soil surface settlement and pressure on
pipe as expected.
• The influence of stabilization on bearing capacity and model response was
also discussed during initial and cyclic phases. Results revealed that
stabilization improves soil bearing capacity. In addition, cement stabilization
improves model performance for all cases with remarkable reduction in pipe
deflection in both directions, soil settlement and stress on pipe. It was also
found that stabilization is more efficient in cyclic load than static load. In
addition, for cement-treated cases impact of cement stabilization is more
remarkable with increasing the number of cycles meaning stabilization is more
efficient under higher number of cycles.
• The impact of first cycle on model response was also investigated. Results
showed that high portion of model deformation occurs during the first loading
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cycle. However, the impact for cement treated materials is higher than those 
for non-treated ones.  
8.2.3 Findings from Numerical Analysis  
A series of nonlinear finite element analyses were developed to investigate 
model performance during initial phase. To get the input material properties, a 
series of direct shear tests were performed to define material strength taking into 
consideration the impact of curing time. All direct shear samples were cured at 
different curing times of 1, 7, and 28 days at room temperature. Results illustrated 
that adding 5% of cement at 7-day of curing time increased sand strength 
significantly. Drucker-Prager model and Mohr-Coulomb constitutive models were 
selected for numerical modelling using finite element method. Before performing 
simulations, validation of finite element model was performed with respect to 
experimental results. Results showed that the computed results based on finite 
element simulations matched well with the measured results in the laboratory and 
those achieved based on the empirical equation.  
• The same conclusions were obtained in both numerical simulations and
experimental investigations. The numerical simulations results agreed well
with the experimental results within acceptable accuracy.
• Results of numerical simulation of soil surface settlement revealed that
maximum settlement for all cases occurs on soil surface above pipe crown
and the minimum value occurs over 2B distance from centre or two times of
width of loading area. Both burial depth and surface pressure affect soil
surface settlement. The increase in vertical stress under the centre of loading
as a function of depth for all cases was investigated. Results showed that all
diagrams have almost the same pattern and stress reduces in a very similar
manner when burial depth increases. Results of pressure distribution on pipe
circumference also showed that three different sections exist and earth
pressure is maximum in the middle part around 60 degree from the crown.
Bending strain variations at pipe wall were also investigated showing pipe-
strain plots transitioned from positive at the invert to negative at the sides, and
back to the positive at the invert. The peaks of large strain occur at the 60°
position and low strains at 120o from pipe invert.
• Numerical simulations results revealed that stabilizing the trench material has
an important effect on improving model performance. Stabilization increases
soil bearing capacity and reduces footing displacement with lower plastic
shear strains over a smaller area for cement-treated material. Stabilization
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decreases pipe deflection, soil surface settlement and pressure on pipe 
significantly. The improvement in stress distribution due to stabilization was 
also observed by a decrease in the maximum stress on pipe soil interface. 
After stabilization lower strain occurred in the pipe and pipe deformation is 
more flat and restricted while in non-treated sand pipe deformation is heart-
shape.  
• Higher deformations occur on both vertical and horizontal sides of pipe under
higher surface pressures at shallower burial depths. This causes horizontal
stretching and pipe tends to deform to a ‘heart shape under higher surface
pressure. However, after stabilization lower strain occurs in the pipe and pipe
deformation is more restricted and flatter.
8.2.4 Predicting Model Response
• During initial phase, equations were developed using Regression model to
estimate pipe vertical deflection, soil surface settlement and pressure on pipe
crown based on all numerical and experimental tests results for both non-
treated and cement-treaded cases. Cumulative error histogram showed that
all predicted values using regression model have less than 10 % error during
initial phase.
• For cyclic phase, two different methods for predicting model response were
employed including multiple regression and neural network model.
Comparison of multiple linear regression model and neural network for
predicting model response during cyclic phase revealed that while linear
regression modelling approach was deficient to predict desired parameters,
more accurate results were obtained using neural network model. In addition,
cumulative error analysis showed that all predicted parameters in neural
network have less than 20% error. This value for regression method is 42%.
SUGGESTED FUTURE RESEARCH 
The research reported in this thesis could be extended in the following ways: 
• In the parametric study, traffic load was considered as static load. Considering
traffic load as cyclic load and investigating degradation effect on model
response is recommended. It is also recommended that future work contain
physical tests to validate numerical models. It was found that the model is
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sensitive to internal pressure affecting stress distribution on pipe wall 
significantly. It is recommended this factor to be studied further in structural 
point of view.  
• It is important to investigate the impact of other factors from parametric study
such as loading area and internal pressure on model response talking into
consideration the cyclic behaviour of pipe and soil by implementing
appropriate constitutive models. Therefore, it is recommended to develop
appropriate constitutive models under cyclic load for different materials used
in this research.
• The current study in experimental section was performed in the laboratory
only. Thus, a full-scale field verification is still needed.
• Pipe failure could be avoided by using more accurate factors in pipeline design
to consider impact of degradation. Further research is required to develop the
necessary algorithms of pipelines performance under cyclic traffic load.
• The neural networks can be used to predict pipe deflection, soil surface
settlement and pressure on pipe for any combinations of input variables. It is
noted that these values should be within the coverage of training in the current
research. However, in the current research the number of data for number of
cycles were much higher than number of other variables such as burial depths
and surface pressure. The author recommends such research to be further
carried out concentrating on broader range of variables in order to achieve
more accurate results.
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ABSTRACT
In recent decades, the use of Deep Mixing Method (DMM) has developed considerably and its 
applications are increasing continuously. Although during the past few decades various DMM 
techniques and methods have been introduced in different projects, there are many changing 
parameters which make it necessary to evaluate the impact of each condition in any specific 
project. The present laboratory study has been carried out to determine the impact of mixer type 
and curing time and conditions on soil stabilised with cement as used in soil mixing methods. 
Three different types of soil have been used in this research. Unconfined Compression Strength 
(UCS) and Secant Modulus (E50) were chosen to assess the impact of various parameters on soil 
improvement in terms of strength. Results after a 28-day curing period indicate that the type 
of mixing method has a slight impact on the strength of all types of cement-treated soil. It is 
also concluded that different curing conditions and suction using various salt solutions have a 
significant impact on the strength of stabilised soil.
1. Introduction
Over the past 40 years, Deep Mixing Method (DMM) has 
seen a continuous growth and has been an economical 
and ecological alternative to improve soil properties for 
engineering infrastructures constructions. Soil mixing 
methods can be subdivided into four general types includ-
ing deep, shallow, wet and dry mixing. Deep Soil Mixing 
is the mechanical mixing of in situ soil with cement and/
or lime as a stabilising agent which creates soil-treated 
columns or walls and improves the engineering prop-
erties of the ground. In this method, soil treatment is 
performed to a minimum depth of 3 m. Shallow mixing 
is another method to improve soft and compressible soil 
properties. The treatment depth is limited to a few meters 
and traditionally involves the shallow subgrade stabili-
sation in road constructions. For both deep and shallow 
mixing methods, there are two different mixing methods: 
the existing soil which has to be improved can be mixed 
mechanically either with a cement-based slurry (wet 
method) or dry additives such as cement and lime (dry 
method) are added (Massarsch and Topolnicki 2005).
In deep mixing which is the method used for this 
study, shear strength increases by reducing the com-
pressibility of the soil structure which produces a low 
permeability ground type. This method has usually been 
applied for the improvement of soil in embankments, 
foundations elements (temporary or permanent), bridge 
and wind turbine foundations, excavation stabilisation, 
secant walls and barriers, slope stabilisation, encapsula-
tion and immobilisation of pollutants (Indraratna 1996; 
Porbaha, Tanaka, and Kobayashi 1998). The general 
expectation of using DMM is a significant change to 
the properties of the soil such as increasing soil strength, 
change in water content, density, permeability, elastic 
modulus and limitation of settlement (Bouazza et al. 
2006). Many researches were performed to investigate 
the impact of different parameters on soil-cemented 
strength in deep mixing. The main parameters affect-
ing soil strength investigated by researchers are soil and 
binder physical and organic properties (Kitazume and 
Terashi 2013), curing condition (Babasaki et al. 1996; 
Hirabayashi et al. 2009; Kitazume and Terashi 2013), 
mixing method including mixing time and speed 
(Kitazume and Terashi 2013), mellowing time (Åhnberg 
2009; Marzano, Al-Tabbaa, and Grisolia 2009), soil 
compaction (Åhnberg 2009; Hirabayashi et al. 2009; 
Kitazume and Nishimura 2009), mixing procedure 
(Kitazume and Terashi 2013; Szymkiewicz et al. 2012; 
Yoshizawa et al. 1997) and mixing tools (Åhnberg 2009; 
Larsson 2003; Szymkiewicz 2011).
This paper focuses on the impact of some laboratory 
factors including mixing methods, curing time, cur-
ing condition and relative humidity on the strength of 
cement-treated material in deep mixing. In order to ana-
lyse the reason for mixer impact on soil-cement strength, 
density variation of all mixtures and the relation between 
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secant modulus of all material and unconfined compres-
sive strength were discussed and analysed.
2. Materials and methods
This laboratory study has been carried out in order to 
determine the impact of mixer type, curing conditions 
on the stabilised soil strength. The unconfined compres-
sion strength test on cylindrical samples has been chosen 
to analyse soil–cement strength. In the following section, 
materials used in this research are presented. Then, the 
methods and different curing conditions investigated 
in this study will be discussed and finally the results of 
several laboratory tests will be presented followed by 
discussion and analysis.
2.1. Soil and binder
In this section, characteristics of different materials 
used in this study will be presented. These materials are 
Fontainebleau sand, kaolinite and cement. It is noted 
this article is part of a research programme that  took 
place in a research centre called IFSTAR in Paris; there-
fore, the materials were selected from local resources 
and Fontainebleau sand is a French reference sand com-
monly used for geotechnical researches.
Fontainebleau sand is a uniform sand consisting of 
fine and rounded particles with an average mean particle 
size of D50#0.2 and Dmax#0.4 mm. This sand is a refer-
ence sand in France, commonly used by many French 
universities and for many geotechnical researches. The 
other soil is kaolinite, which was chosen for its extremely 
high fines content (more than 80% of the particles are 
smaller than 2 mm), as well as its low plasticity.
The grain size distribution curves were determined 
by tests carried out according to French standards NF P 
94‐056 (AFNOR 1996) and NF P 94‐057 (AFNOR 1992), 
grain size distribution curves are presented in Figures 
1 and 2. Chemical proprieties of the kaolinite are pre-
sented in Table 1. The soil has a neutral pH of (7.5 ± 0.5). 
In addition to basic characterisation tests, Methylene 
Blue Adsorption (MBA) test was performed in order to 
better analyse the mineralogical composition of kaolinite 
and the amount of methylene blue adsorbed by a given 
mass of clay was MBA = 1.25. For stabilisation purposes, 
cement was chosen as the stabiliser and it is classified as 
CEM III/C 32.5 NCE PM‐ES NF which is the cement 
commonly used in France for foundation works.
2.2. Sample preparation
In this study, three types of cement‐treated mixtures 
including ‘Fontainebleau sand‐cement’, ‘kaolinite–
cement’ and Fontainebleau sand‐kaolinite‐cement’ were 
used. For the last mixture or sand‐kaolinite‐cement, the 
percentage of each soil was 50%. Other mixture proper-
ties including cement and water content of each mixture 
are presented in Table 2. It should be noted that DMM 
is a method that is implemented without compaction. 
It means that the material should be self-compacting or 
they should be fluid enough to flow under its own weight. 
In general, water is an essential material in deep mixing 
and in case of cementitious material, C/W or ratio of 
cement to water is important. It is also noted that the 
material’s workability limit varies greatly with cement 
content. The lower the cement to water ratio, the higher 
Figure 1. Particle distribution of fontainebleau sand.
Figure 2. Particle distribution of kaolinite.
Table 1. Chemical composition of kaolinite.
Chemical component Percentage of component
Al2o3 38.6
sio2 46.1
fe2o3 0.5
tio2 0.7
K2o 0.01
na2o 0.2
Cao 0.01
Table 2. Mixtures Properties.
Soil type Cement (kg/m3) W (%) C/W
fontainebleau sand 265 19 0.73
kaolinite (Clay) 400 120 0.21
fontainebleau – kaolinite 210 65 0.2
(50–50)
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the void ratio and the lower the strength; thus, W must 
be at least equal to liquid limit of the mix. Therefore, it is 
possible, knowing only the plasticity index of the soil to 
be treated, to estimate the optimum amount of water to 
add to the mix, after having previously determined the 
dosage of cement to be used. To determine the worka-
bility evolution of the material, the result of a laboratory 
research programme carried out by Szymkiewicz et al. 
was adopted for this study. More details can be found in 
(Szymkiewicz 2011; Szymkiewicz et al. 2013).
2.3. Mixing process
A mixer should be capable of mixing soil and binder 
uniformly. Two types of mixers, small and grand, were 
chosen to mix the soil and binder as shown in Figure 3. 
The small mixer is a variable speed 5-L mixer which is 
used for preparation of mixtures of not very high vis-
cosity according to EN 196-1 (‘NF EN 196-1,’ 1988). The 
rotation speed is 230 rpm and machine power is 300 W.
The grand mixer is a variable speed 12-L mixer. 
This mixer is recommended in French standard NF P 
94-093 to be used for mixing stabilised soil (AFNOR 
1999, 2003). It has two options of slow and fast mixing 
while both movements of tank and shaft cutter ensuring 
perfect homogenisation. The slow speed was selected 
and to achieve a better level of mixing, homogenisation 
was also performed manually by operator while mixing. 
This grand mixer has a power of 2800 W.
For uniform mixing, soil was first inserted in the mixer. 
Then, an appropriate amount of cement was put into the 
mixer and materials were homogenised in a dry state and 
at the end water was added. Mixing time varies based on 
type of soil and was selected 5 minutes for granular soils 
and 15 min for cohesive ones. These times were defined 
based on various trial tests carried out during the first stage 
of the research (see Szymkiewicz 2011). Also, the literature 
available on the subject was a big help to define these times. 
The main goal was to achieve, for both mixer, the highest 
strength possible. And it is well known that extending the 
mixing time does not automatically equal to increasing 
the strength. After some time, a plateau is reached. These 
mixing times remain unchanged during this study.
2.4. Moulding
In the following step, the homogenised material was 
poured in an appropriate mould by filling the mould in 
three layers through tapping against the surface of a table 
to remove air bubbles. The lightweight plastic mould of 
52-mm diameter and 110-mm height was chosen con-
sidering the height of specimen was set to be 2.0–2.5 
times of the diameter, as shown in Figure 4.
Figure 3. Electric mixers (a) small mixer with flat-type binder (b) grand mixer and sharp binder.
Figure 4. Different stages of specimen preparation.
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the speed of 0.3 mm/min and test was performed based 
on NF EN 13286-41 standard which is a French guide-
line applicable to determine the compressive strength of 
mixtures treated with hydraulic binders (AFNOR 2003).
3. Experimental results
To study the influence of different parameters, the results 
of UCS test based on different types of preparation and 
curing conditions are presented in the following section. 
The average of unconfined compressive strength (UCS) 
values of triplicate samples is presented as the final result. 
It is worth noting that to assess the impact of each parame-
ter on sample strength, only one parameter changed while 
the others remained constant. For example, to consider 
the impact of mixing process, two mixing methods were 
used while curing condition for all mixtures remained 
unchanged. However, for considering the impact of 
humidity, five different salts were used on samples pre-
pared by same mixer but under different curing condi-
tions and humidity. All samples were treated with cement 
and UCS test were carried out at room temperature.
3.1. Influence of mixing processes
To assess the impact of mixing conditions, UCS tests were 
carried out on samples cured under humid conditions at 
different curing times. Results are presented in Figure 6. 
The charts compare the average of UCS values on three 
mixtures of soil-treated samples prepared by small and 
grand mixers and are tested after 7, 14, 21 and 28 days 
curing time. In all three charts (Figure 6(a)–(c)), black 
and white bars present the UCS average of grand and 
small mixers, respectively. Results show that the strength 
of all samples prepared by grand mixer is higher than 
those prepared by small one at any curing time except 
for kaolinite-treated at 14 days. Moreover, this result is 
consistent with the results of other researches showing 
the importance of mixing procedures (Babasaki et al. 
1996; Coull 1997; Kitazume and Terashi 2013; Larsson 
2003; Szymkiewicz et al. 2011).
2.5. Curing conditions
All cement‐treated samples were stored in three different 
curing conditions of humid, submerged and under suc-
tion conditions. In humid condition, the specimens in 
the mould were covered by sealant to prevent the change 
of water content and cured at ∼20 °C over a prescribed 
curing period (Figure 5(a)). In submerged condition, 
the specimens were submerged in a container of tap 
water after removal from their moulds (Figure 5(b)). 
In suction‐controlled condition, the removed specimen 
was put in sealed containers with different salt solu-
tions in order to create different relative humidity (RH) 
conditions (Figure 5(c)). The desired relative humidity 
selected in this research was 0, 29, 55 and 76% and salts 
selected to produce this humidity are listed in Table 3. 
The suction values that can be achieved in the specimen 
range from 37 to 250 MPa. The glass desiccators were 
then placed in a room temperature for 14 and 28 days at 
20º. Abbreviations cited in Table 4 present type of soils, 
mixing process and curing conditions. Each symbol 
consists of three parts separated by dash line. First part 
presents material type in which FS, K and SK symbolise 
Fontainebleau sand, kaolinite and sand–kaolinite mate-
rials, respectively. Second part presents type of mixing 
method in which GM and SM are represent prepara-
tion by grand or small mixer. Third part indicates curing 
condition in which H, S and C are symbols of humid, 
submerged and crystallised conditions. For example, 
FS-GM-H denotes Fontainebleau sand material pre-
pared by grand mixer and kept under humid condition.
2.6. Unconfined compressive testing
The stabilised soil specimens are mostly used for the 
Unconfined Compression (UCS) test to measure some 
factors affecting strength increase of cement-treated 
materials. In order to conduct the UCS test, all samples 
were removed from the mould and the dimensions and 
weight were measured to calculate the density of each 
sample. The vertical load was applied on specimen with 
Figure 5. Different curing conditions (a) humid (b) submerged and (c) crystallised.
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higher the strength, except for samples kept under 0% 
relative humidity. For all other samples, reducing relative 
humidity leads to a decrease in material strength. To 
assess the efficiency of salts in inducing suction, the den-
sity of sand-treated mixture was calculated and results 
of 28 days sand-treated samples are plotted in Figure 9. 
The graph shows that density increases with increasing 
relative humidity confirming all salts had reasonable 
impact on reducing humidity and creating suction in 
samples. This result is also consistent with UCS results 
presented in Figure 8. The impact of humidity on other 
mixtures was not investigated here. However, consider-
ing the impact of material could affect the results. Thus, 
it is recommended that impact of humidity on other 
mixtures be considered in the future.
3.4. Impact of immersion
To consider the impact of immersion on soil-treated 
strength, the results of UCS test after submerging spec-
imens are presented in Figure 10. Darker bar charts 
present soil strength after immersion for both mixer 
groups. It can be seen that immersion causes a decrease 
in UCS compared to humid condition apart from sand-
treated material at 21 and 28 days prepared by grand 
mixer. For all other samples prepared by small mixer, 
the strength of submerged soil is lower than those kept 
in humid conditions. Similar results were obtained by 
other researchers (Yoshizawa et al. 1997).
4. Analysis and discussion
In the previous section, it was concluded that the 
strength of samples changes with type of mixer. To assess 
the exact effect of mixers on soil strength, the N value 
was determined and defined as below:
 
in which RC-GM is the UCS strength of mixtures achieved 
by grand mixer and Rc-SM is the UCS strength of samples 
prepared by small mixer and N is calculated based on 
Equation (1) and results are presented in the Table 5. 
It should be noted that in Table 5, N is average of all 3 
samples prepared at 7, 14, 21 and 28 days. It is clear that 
N is always bigger than 1, meaning the grand mixer is 
more efficient than the small one. In addition, grand 
(1)N = Rc−GM∕Rc−SM
3.2. Impact of curing time
To assess the impact of curing time, the UCS of all 
samples (excluding those cured under suction) pre-
pared by two mixers at different curing times of 7, 14, 
21 and 28  days are measured and results are shown 
in Figure 7. For sand (Figure 7(a)), the compressive 
strength increases from 2000 to 2500 kPa at 7 days to 
4000–5000 kPa at 28 days for all four different curing 
conditions. For kaolinite- and Fontainebleau sand-kao-
linite (Figure 7(b) and (c))-treated materials, there is a 
significant increase in strength from 600 to 2100 kPa and 
from 700 to 2100 kPa, respectively. These results show 
that curing time has a major impact on strength increase 
of cement-treated material, with a continuous increase 
of strength with time. Results presented here are in good 
agreement with those presented by other researchers, in 
terms of strength gain ratio between 7, 14 and 28 days 
(Åhnberg 2009; Kido et al. 2009; Kitazume and Terashi 
2013; Yoshizawa et al. 1997)
3.3. Impact of relative humidity
It is recommended to cure samples at 95–100% relative 
humidity to have the most appropriate results (Kitazume 
and Terashi 2013). However, it is not always possible 
to keep relative humidity at 95–100% for stabilisation 
purposes. In addition, the difference between strength of 
samples under different curing conditions which will be 
illustrated in Figure 10 could be due to humidity level of 
samples. Therefore, it is important to consider the impact 
of relative humidity on strength variation of soil-treated 
materials. Because of time constrains, the impact of rel-
ative humidity in the curing conditions was only inves-
tigated on sand–cement samples: results are presented 
in Figure 8. As mentioned previously, samples were kept 
under suction control condition and were put in sealed 
containers with different salt solutions to create various 
relative humidity. It can be seen that for both groups, 
14 and 28 days, the higher the relative humidity, the 
Table 3. salts and relative humidity.
Chemical Relative humidity
silica gel 0
CaCl2, 2 H2o 29
Mg(no3),6H2o 55
naCl 76
Table 4. scheme of tests and symbols.
Soil type
Mixing con-
ditions
Curing con-
ditions Symbol Soil type
Curing con-
ditions Symbol Soil type
Curing con-
ditions Symbol
fontainebleau 
sand
grand mixer Humid fs-gM-H kaolinite Humid K-gM-H fontainebleau 
sand- kao-
linite
Humid sK-gM-H
submerged fs-gM-s submerged K-gM-s – –
Crystallised fs-gM-C – – – –
small Mixer Humid fs-sM-H Humid K-sM-H Humid sK-sM-H
submerged fs-sM-s submerged K-sM-s submerged sK-sM-s
Crystallised fs-sM-C – – – –
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strength of clayey material prepared by bigger mixer is 
higher. This can be explained by the fact that the mixers, 
for a same mixing time, do not deliver the same amount 
of mixing energy. Therefore, the GM is more appropriate 
for the clayey soils.
4.1. Density
The density of material prepared at different curing 
and preparing conditions is investigated and results are 
illustrated in Figure 11. The Figure 11(a) shows that nei-
ther time nor submerged or humid curing conditions 
has an impact on density change. However, soil density 
changes with the type of soil (Figure 11(b)) and by rela-
tive humidity (as shown in Figure 9). It can be seen that 
the average density value for Fontainebleau-, kaolinite- 
and sand-kaolinite-treated material was 2.05, 1.45 and 
1.62 gr/m3, respectively. Average density changes with 
relative humidity as well. For the specimen prepared 
at 0%, RH density is 1.9 gr/cm3 and with increasing 
relative humidity to 100%, density increases to 2.04 
gr/cm3. Therefore, it is difficult to conclude how the 
mixer type affects the results. It is also important to 
investigate other factors’ impact on soil strength such 
as energy of mixing and geometry of mixer tool which 
could affect the soil strength results. The combination 
of all these factors could be the reason and the study 
of these factors would be interesting to be assessed in 
future studies.
4.2. Secant modulus E50
The secant modulus (E50) values are obtained from the 
stress–strain curves and defined as the ratio between the 
half of maximum deviator stress and the strain corre-
sponding to each stress (Eurosoilstab 2002). The impact 
of mixer type on material elasticity change is investi-
gated and results are shown in Figure 12. Vertical axis 
represents E50 and horizontal axis represents the UCS of 
mixer is more efficient for clayey material as N has bigger 
value when kaolinite quantities increase in the mixture.
To consider the reason why the strength of samples 
prepared by bigger mixer is higher than those prepared 
by smaller one, the following section will focus on den-
sity variation and determining E50 which could be a tool 
to understand the reason of mixer impact.
As said before, N for clayey soils is bigger than N for 
sand soil. For example, for sand- and clay-treated mate-
rial, N is 1.11 and 1.21, respectively, which means the 
Figure 8. influence of relative humidity on sand–cement-treated material strength at room temperature.
Figure 9. Density versus relative humidity – sand.
Table 5. Mixer type effect.
Soil Curing condition N
fontainebleau sand fs-gM-H 1.11
fs-sM-H
n=rc-gM/rc-sM
Kaolinite K-gM-H 1.15
K-sM-H
n=rc-gM/rc-sM
fontainebleau sand- kaolinite s-K-gM-H 1.21
s-K -sM-H
n=rc-gM/rc-sM
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curing time. These intervals values are consistent with 
those proposed by other researchers in the literature. 
(Porbaha, Shibuya, and Kishida 2000; Terashi 1977).
5. Conclusions
Laboratory study for three types of soil stabilised with 
cement was conducted to investigate the improvement 
in compressive strength based on mixing method and 
curing conditions for application in Deep Soil Mixing 
Method. Two types of mixer and different curing con-
ditions were studied and results were compared. Based 
on the test results, specific conclusions can be drawn 
as follows:
•  The strength of all samples prepared with grand
mixer is higher than those prepared by small mix-
er at any curing time. The density of specimens
does not change with mixer type which makes it
difficult to conclude the main reason for strengths
samples. It is noted that circle and triangle markers illus-
trate small mixer and diamond, asterisk and cross-mark-
ers denote grand mixers’ deformation modulus. It can 
be seen that the mixer type has no significant impact 
on the sample modulus variations. As shown in Figure 
12, the data points of the plot are spread out across the 
graph regardless of mixer type. However, type of soil has 
a significant impact on treated soil deformability and 
higher material strength and deformation modulus are 
observed for sand material as shown in Figure 12. The 
impact of curing time on material modulus is investi-
gated and results are shown in Figure 13. It can be seen 
that both UCS and E50 increase by time and at 28 days 
curing, the values of E50 are at least two times higher than 
those cured at 7 days which shows the impact of curing 
time on increasing E50. It is noted that a linear relation-
ship between E50 and the UCS exists which is shown 
as dashed lines on both graphs. It can be concluded 
in this study that the magnitude of E50 increases with 
UCS and is 125–500 UCS depending on type of soil and 
Figure 11. Change of density with (a) time (b) type of soil and curing conditions.
Figure 12. E50 versus uCs based on type of soil. Figure 13.  E50 versus uCs changes based on curing time –
fontainebleau sand-treated.
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Introduction
Geotechnical engineers often should solve problems in layered 
soil while the majority of existing studies have mostly focused on 
homogeneous continuum [1,2]. Predicting ultimate bearing capacity of 
footings on layered soil is very important as it is a requirement for any 
design and the failure mechanism of soil under footing and the bearing 
capacity value mainly depend on soil properties of each layer and  the 
layer thickness. Terzaghi and Peck for the first time in 1948 [1] 
analysed strip footing behaviour on sand overlaying clay which 
followed by many researchers. Methods of solving bearing capacity 
of footing are classified in four major approaches: limit equilibrium, 
limit analysis approach, semi empirical approach and finite element 
method. In recent years, Finite Element Method (FEM) have been 
widely using in geotechnical studies to investigate soil 
behaviour[3-6]. In practice, for bearing capacity analysis engineers are 
seeking less complicated solutions to simplify computations as 
experimental analysis is time consuming and commonly used 
solutions such as limit equilibrium are no longer applicable. 
Therefore, computer programs developed based on the finite element 
method have been receiving much attention over recent decades as 
the powerful tool for solving complex cases. Hence, the application of 
FEM to evaluate bearing capacity evaluation of a footing on a layered 
soil is the objective of this study.
In the current study after describing problem definition, the 
bearing capacity analysis of a strip footing on one‐layer soil will be 
presented. In addition, the effect of different parameters on soil 
failure mechanism and on bearing capacity value will be discussed. 
Then, in the following section the bearing capacity analysis of a two-
layer-soil  will be presented and the results will be compared with the 
results from the literature. Computations will be carried out using a 
commercial finite element software ABAQUS, version 6.13[7].  
Finally, the conclusions and final remarks will be discussed in the last 
section of this study.
Materials and Methods
Following section presentes  problem definition and the 
methodology used for modelling of footing. Due to the long length of 
the foundation compared to its width, the problem can be  analysed 
assuming plane strain conditions and because of symmetry only half 
of the system can be modelled. 
Two different main cases will be investigated in this paper. In 
the first case, it is assumed that foundation is resting on one‐layer 
soil and in the second one there is a two‐layer system. For the first 
case, it is assumed that the one‐ layer system is sandy soil and footing 
overlays on Soil (2). For this case, to validate FE results, bearing 
capacity value of soil will be compared with Terzaghi calculation [1]. 
In addition, the effect of three different parameters on soil behaviour 
under the footing will be considered for one‐layer system. The 
parameters those effects will be taken into considerations are footing 
type, dilation angel and initial condition. For analysing the effect of 
footing, once the footing  will be modelled as a rigid rough footing with 
no horizontal movement of soil immediately under footing and once as 
a rigid smooth one which implies horizontal soil movements at soil-
footing interface. Then, for invesigating the effect of dilation angel the 
effect of three  dilation angel of 0o, 10 o and 25o will be taken into 
considerations.
Abstract
In this paper, finite element method (FEM) is applied to calculate bearing capacity of a strip footing on one-layer 
and two-layer soil.To investigate the effect of various parameters on soil failure mechanism under the footing a 
commercial finite element software, ABAQUS, has been used. Soil profile contains two soil types including sand and 
clay. Soil behaviour is represented by the elasto-plastic Drucker-Prager model and footing material is assumed 
isotropic and linear elastic. For a homogenous soil profile, the effect of soil properties such as dilation angel, initial 
condition and footing roughness on soil failure mechanism under the footingare assessed. For a one-layer case, the 
bearing capacity also is calculated  which has a good agreement with Terzaghi’s equation. For a layered soil, soft-over-
strong soil, the effect of layer thickness, soil shear strength and material property on bearing capacity value and 
failure mechanism of footing is investigated. It is concluded that the bearing capacity of footing decreases as the 
height of clayey soil increases whilst the displacement under footing increases. There is a critical depth where the 
stronger bottom layer does not affect ultimate bearing capacity and failure mechanism of footing.
Figure 1: Problem definition
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And in the third case the effect of K0 or initial conditions on bearing 
capacity of soil will be studied considering K0 values of 0.4, 1 and 10.
    For analysing two-layer soil as a second case it is assumed that the 
clayey soil is resting on top of the sandy soil and the footing is sitting 
on top of clayey soil. Based on Figure 1, Soil (1) is clayey and Soil (2) 
is sandy. It should be pointed out that for this case the effect of clay 
depth on bearing capacity value will be investigated considering clay 
depth, h1, has different thicknesses and h1/B has the value of 0.15, 0.5, 
1 and 1.5 in which B is total width of footing. For one–layer case soil is 
modelled as an isotropic ealsto‐plastic material satisfying Drucker‐
Prager failure criterionadapted from Helwany which presented in 
Table.1[8]. For comparing with Terzaghi’s equation for a one‐layer 
sand, it is assumed that soil layer is replaced with the overburden of 
q= ϒ.D=9.60 kPa due to a 0.5‐m‐thick foundation. For the top clayey 
layer  soil parameters are adapted from  Ziaei et al. [9].
 
It is worth noting that for plane strain considerations, the Mohr‐
Coulomb parameters and Drucker‐Prager parameters are converted 
to each other based on existing formulations as follows [8]: 
2
3 3 tan 'tan '
9 12 tan '
φ
β =
+ φ
and 
2
3 3 ''
9 12 tan '
Cd =
+ φ
.
 β' and d' are representing friction and cohession in Drucker‐
Prager  model. As is illustrates in Figure 2, only half of the system is 
modelled due to symmetry. The length and height of the model are 
large enough to keep the boundary conditions away from affecting soil 
behaviour incorrectly. It should be noted that in this study, the X-Y 
plane is the area in which the soil is subjected to various loads, e.g. 
positive direction for Y is opposite direction of the weight. For 
boundary conditions, as shown in Figure 2, vertical side of the model 
is fixed in a horizontal direction with vertical displacement, and the 
bottom of the model is fixed in both vertical and horizontal directions. 
In all models, the mesh has been refined in areas with stress 
concentration under and near the footing, which leads to more 
accurate answers. However, the smaller the elements are, the larger the 
computational time is needed. For this purpose and to achieve the 
reasonable number of meshes, mesh convergence study was carried 
out. It was found from the results that a model of 510 elements is 
accurate enough for this problem. The element adjacent to the footing, 
as shown in Figure 2, has the width of w=0.13m which is small enough 
for analysis according to Day and Potts  [10].
    The model is created in three steps. In the first step which is the 
initial condition, all boundary conditions are defined as described 
previously and surcharge load is applied on top of the model. In the 
next step, a geostatic step is applied in which the gravity load is 
applied to the model. In the third step, a downward movement of δ/
B=0.1 is applied on top of the soil under footing where δ is vertical 
displacement and B is the width of footing. It should be noted that the 
duration for this lstep is 100 seconds to avoid sudden collapse of soil 
body. Moreover, it is assumed that relative movement between soil 
and footing is impossible.
During the generation of initial condition and stress prior to 
loading of footing, a lateral pressure coefficient of Ko is calculated 
based on following formulation for sand and clay. According to Jaky’s 
formula K0=1‐sinФ for the sand and K0=0.95‐sinФ for the clay [11]. So 
for this study K0 is 0.4 for the sand and 0.86 for the clay due to 37.5° 
and 5° friction angel of sand and clay, respectively. A short–term 
stability of footing in particular is considered, so the sand is assumed to 
be fully drained and the clay is considered to be undrained.
Results
   In the following sections the effect of different parameters 
summarised in Table 3 are investigated on the failure mechanism  and 
bearing capacity of footing. Firstly, the bearing capacity assessment of 
one-layer soil will be presented and the effect of parameters variation 
on one-layer soil behaviour will be discussed and then in the following 
section for a two-layer soil, the effect of soil parameters and depth of 
top layer on bearing capacity value and on failure mechanism will be 
argued. 
Bearing capacity ealuation of of footing on one‐layer soil
As discussed earlier, the footing undergoes a downward 
movement of δ/B=0.1 during 100 seconds while in the beginning of 
the analysis there is only gravity load and surcharge applying to the 
soil body. This downward movement leads to an increase in pressure 
under the footing up to failure point. In Figure 3-a general shear 
failure of soil under footing based on Terzaghi model is illustrated. It 
can be easily noticed from Figure 3-a that there are three different 
distinct area zones under the footing at failure point: triangular zone 
immediately under the footing; two radial zones, and two Rankine 
passive zones[1]. The result of plastic shear at failure point of footing 
in the present study is illustrated in Figure 3.b. Immediately the 
existence of different areas in failure zone can be noticed  under the 
footing which is in a good agreement with the failure mechanism 
suggested by Terzaghi. Terzaghi also derived the bearing capacity 
equation for a shallow strip footing on a thick layer of homogeneous 
soil based on general shear failure: 
       C’ is cohesion, q is overburden pressure, Nc, Nq and N are non-
dimensionl bearing capacity of footing as a function of ϕ .
Type of soil Term Value
Soil (2)
Density, ϒ (kg/m3) 1920
Young’s Modulus, E’ (MPa) 182
Poisson’s Ratio, ϑ 0.3
Cohesive strength, d' (kPa) <1
Friction angle, β’ (plane strain), (deg) 46°
Dilation angle, ѱ (deg) 4°
Flow stress ratio, K 1
Type of soil Term Value
        Soil (1)
Density, ϒ (kg/m3) 1600
Young’s Modulus, E’ (MPa) 5
Poisson’s Ratio, ϑ 0.3
Cohesive strength, C' (kPa) 20
Dilation angle, ѱ' (deg) 5°
Dilation angle, ѱ,(deg) 1°
Table 2: Material Properties of clayey soil Mohr-Coulomb
Table 1: Material Properties of Sandy soil-Drucker-Prager
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      Figure 4 illustrates pressure–settlement curve results through FEM 
analysis and the results are compared with bearing capacity calculated 
based on Terzaghi method. It should be noted that for FEM analysis 
the curves are based on the results using Drucker-Prager model, once 
dilation angel is taken into consideration and once without 
considering that. It can be seen that in FEM analysis with considering 
dilation angel the bearing capacity value is 2200 kPa while in the case 
of no dilation angel the predicted bearing capacity is 1900 kPa. In 
other words, the bearing capacity in FEM analysis with dilation angel 
is 13% higher than those with no dilation angel.  The bearing capacity 
calculated through Terzaghi equation is 2124 kPa which is slightly 
smaller than those obtained by FEM analysis with dilation angel and is
 higher than those calculated by FEM analysis without dilation angel. 
The main reason of this difference can be due to different 
assumptions in the methods used, e.g. in Terzaghi’s equation soil is 
assumed to be perfectly plastic while in current finite element analysis 
soil is an elasto-plastic material. The results found in the current study 
are in good agreement with the results achieved by other researchers 
in the past[12] [13]. It should be noted in this section the dilation 
angel is assumed to be 4° which is equal to  ϕ-34° [14]. 
Effect of footing roughness on failure mechanism and soil 
settlement
To evaluate the effect of soil interface on soil failure mechanism, 
three analyses are carried out for the case of non-dilatants one-layer 
soil. The results for smooth and rough interface of a rigid and flexible 
footing are presented in Figure 5. In all cases footing is subjected to a 
load control situation (∆Fy) and ∆U and ∆v are representing 
horizontal and vertical movement of footing. As can be seen in Figure 
5 horizontal movement occur at the soil interface immediately under 
the smooth footing, Figures 5-a and 5-c, while for the rough footing 
there is no horizontal movements due to boundary conditions, Figure 
5-b. In addition, for the flexible footing maximum settlement occurs 
at the edge of footing, 5-c, while for rigid footing it happens under 
footing considering longer arrows show maximum displacement. It is 
clear that soil failure mechanism in rigid case for rough footing, 
Figure 5-b, is deeper and wider than those for smooth ones. These 
results are in a good agreement with the results presented by other 
researchers in the past[15]. It should be noted that the effect of 
interaction between two parts was not taken into consideration. 
Figure 2: Finite element discretization and boundary condition selection of the model
Figure. 3- (a) General Shear failure of a strip footing: Terzaghi’s assumption (b) Plastic shear distribution of stip footing at failure
Figure 4: Load‐displacement curve under centre of footing: comparison 
of FEM results with Terzaghi calculation
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Effect of dilation angel on failure mechanism
The vectors of incremental displacement for the last increment of 
a smooth footing are shown in the Figure 6. As can be seen with 
increasing dilation angel from 0o to 25o the failure mechanism width 
increases from 2.5 B to 8B. In other words, for all cases the failure 
mechanism is deeper and wider when dilation angel is higher. In 
addition, the higher the dilation angel is, the more the tangential angel 
appears besides footing edge. As was illustrated in Figure 4  dilation 
angel has an important effect on the bearing capacity value showing a 
satisfactory agreement with results from the literature [16].
Effect of initial condition on failure mechanism
To investigate the effect of K0 or initial condition, the analysis 
with rigid footing is repeated with K0 value of 1.0, and 10 for smooth 
footing with no dilation angel. The results of load‐ displacement 
curves are shown in Figure 7. It is evident that the value of K0 has 
an impact on load displacement curve prior to failure but not on 
ultimate bearing capacity value.
Evaluation of bearing capacity in a two‐Layer soil 
In the following section, ultimate bearing capacity prediction of a 
strip footing on two‐layer soil is presented. Footing material is assumed 
to be linear‐elastic, rigid, rough resting on a two‐layer system in which 
top layer is clayey soil with soil parameters matches to Mohr‐Coulomb 
plasticity presented in Table 2. It should be noted that the parameters 
of a Drucker‐Prager and Mohr‐Coulomb can be converted to each 
other based on existing formulation presented earlier. Soil 
parameters for the bottom layer or sand are based on Table 1. 
However, those parameters were converted to Mohr Coloumb and 
parameters for sand are chossien of zero and friction of 37.5o. Other 
elastic parameters are based on Tables 1 and 2.
Effect of clay depth on bearing capacity  and displacement 
This section investigates the effect of clay thickness at five 
different clay depth of h1/B varying between 0.15, 0.5, 1, 1.5 and 2 
times footing width on bearing capacity value and on vertical 
settlement of footing and results are shown in Figure 8.
Figure 8.a illustrates the effect of adding clay on bearing 
capacity reduction of the footing. As is shown bearing capacity drops 
from 1900 kPa to 530 kPa by adding 45 cm of clay layer, h1/B =0.15, 
showing a dramatic fall of %70 in bearing capacity reduction. Figure 
8.b shows the effect of change in clay depth on bearing capacity by
considering h1/B =0.15, 0.5, 1, 1.5 and 2. It can be seen that the 
bearing capacity drops from 530 kPa to 250 kPa when h1/B increases 
from 0.15 to 0.5. Increasing h1/B from 0.5 to  1.5 leads a reduction of 
100 kPa in bearing capacity and bearing capacity goes down to 150 
kPa at h1/B=1.5. After this point increasing h1/B has no effect on 
bearing capacity. In other words, the depth for which the bottom layer 
strength does not affect the bearing capacity value of the entire model 
is when h1 reaches 4.5 m or h1/B=1.5. Figure 8.c presents the effect of 
clay thickness on soil displacement under the footing. For this 
purpose, 140 kPa of pressure has been applied on top of footing to 
analyse soil displacement behaviour under the same load pressure at 
different clay depths. This pressure has been selected due to weight of 
footing plus weight of any machinery on top of it. With increasing 
depth of clay from h1/B=0.15 to 1.5, the vertical settlement under 
footing increases from 8 to 20 cm and increasing h1/B from 1.5 to 2 
causes a reduction in displacement from 20 to 18 cm showing 
displacement does not increse after h1/B=1.5. The displacement 
reaches its peak at depth of 4.5 m or when h1/B=1.5. These results 
have a good agreement with results published by other researchers [1], 
[14], [9].  So far the effect of various parameters on bearing capacity 
of footing on a layered soil has been investigated. The effect of both 
initial condition  and depth of  clayey soil on bearing capacity of 
Figure 5: Effect of footing roughness on the failure mechanism a) smooth rigid b) rough rigid c) smooth flexible footing
Figure 6: Effect of dilation on failure mechanism of a strip footing on cohesion‐less soil
Figure 7: Effect of K0 on load displacement behavior
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 layered soil has been compared and results are shown in Figure 9. It 
can be seen that when h1/B= 0.15 or is constant, bearing capacity 
varies between 1800 to 1920 kPa considering K0 varies between 0.4 to 
10. When K0 is constant at 0.4, the bearing capacity decreases
dramatically from 1900 kPa to 150 kPa when h1/B increases from 0 to
2. It means that depth of clay layer has much more effective influence
on bearing capacity of footing compared with initial condition.
Effect of soil layer parameters on vertical stress distribution
Figure 10 provides increase in vertical stress as a function of depth 
directly under the footing from z=0 to 8m which z is representing the 
depth. Increase in vertical stress distribution calculation is carried out 
for two cases based on FEM. For FEM analysis, the first case is a 
homogenous case considering E2/E1=1 and the results will be 
compared with those calculated from Boussinesq solutions [18]. And 
the second one is a two-layer soil when top layer is clayey soil with E2/
E1=30, considering h1=0.45. To validate the results with Boussinesq 
solution in FEM analysis it is assumed soil is weightless. At top of the 
soil profile the load of q=12 KN/m2 or 12 kPa is applied which is due 
to weight of a 3-m-wide concrete footing. The increase in vertical 
stress under centre of footing is plotted and results are shown in 
Figure 9. It can be seen that for a one-layer soil both diagrams; 
Boussinesq and FEM; have almost the same pattern especially for 
deeper depths (Z>2m) although FEM solution has higher values than 
Boussinesq solution. These differences can be because of different 
assumptions in two approaches here, e.g. in Boussinesq formulation 
the soil is assumed to be linear elastic isotropic while in nature and in 
this study soil is assumed to be elasto-plastic. For a layered system, E2/
E1 =30, when the surface layer is weaker then vertical stresses in upper 
layer exceeds the Boussinesq values. 
At the interface, the vertical stress goes down to less that 4kPa from 
almost 13kPa or dropped to less than 70% of its origin value. This 
means first layer transfers less vertical stress to the second layer. In 
other words, the effect of the strength of bottom layer has less 
contribution to stress distribution when the upper soil becomes 
weaker compared to the bottom layer. In addition, for deeper values 
and near to depth of 8 m all graphs tend to have the same value of 4 
kPa. 
 Figure 11 shows the effect of clay depth on stress distribution at 
four different values of h1/B =0.15, 0.5, 1 and 1.5. It can be seen that 
for smaller value of h1/B, e.g., for the value of 0.15 stress is higher near 
earth surface: almost 550 kPa, and moving from soil surface toward 
soil depth leads to a decrease in stress: to 200 kPa at the depth of 8m. 
It should be noted for the depth of more than 6 metres h1/B variation 
has small effect on vertical stress distribution and all graphs tend to 
have same values.
Shear strength effect of clay on failure mechanism 
development
In Figure 12 the results of plastic shear strain are plotted at 
failure point for smooth rigid footing for the case of clay‐over‐
sand. The interface of two layers is shown with a dark line in each 
figure. As a quick review, it is obvious that failure mechanism is 
deeper when h1/B is higher. It should be noted that in the present 
method it is assumed that soil with elasto‐plastic behaviour deforms 
under load while footing as a rigid body does not. In addition, soil 
element yields progressively in soil body from any element to the 
next element and a shear surface can be obtained as shown in 
Figure 12. It can be seen from Figure 12a when h1 is smaller, the 
failure mechanism does not only shrink into the top layer. 
 Figure 8: The effect of increasing h1/B a) and b) changes in bearing capacity and c) changes in displacement
Figure 9: Comparison of depth effect and initial condition on total bearing capacity of footing in layered soil
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   In other words, for the smaller value of h1/B plastic zone goes to 
bottom layer and does not stay only in top layer. With increasing h1, 
the plastic zone only stays in top layer and bottom layer’s strength 
has no effect on bearing capacity value after specific depth. The plastic 
zone tends to stay in top layer as the height of weak soil increases and 
does not go to the stronger layer which aggresses well with results 
obtained by Potts et al. [16] and Zhu [2].
The summary of clay depth effect on plastic shear  strain value, 
PE, is shown in Figure 13. It can be seen that  the smallest thikckness 
of clay layer, h1/B=0.1 has the maximum plastic shear strain of 1.5 %
 and increasing clay depth to 0.5, 1 and 1.5 leads to a decrease in 
plastic shear strain going down to  0.9, 0.54 and 0.48 % . 
Effect of material properties on magnitude and direction of 
displacement
 Figure.14 illustrates displacement vectors at failure for clay‐over‐
sand and sandy soil in the case of smooth rigid footing under  same 
magnitude downward displacement applying on both footings. 
Figure 10: Increase in vertical stress distribution on soil profile of one layer and layered system
(a) h1/B = 0.15 (b) h1/B =0.5
(c) h1/B =1 (d) h1/B =1.5
Figure 12: Plastic strain distribution at failure point
Figure 11: Vertical stress distribution on soil profile of one layer and layered system
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    It can be seen that the displacement at top of the surface near the 
footing has a downward direction in sandy soil,  Figure 14a, while in 
clayey soil displacement vectors are about 45° to the horizontal axis,  
Figure 14b. These results have a good agreement with those obtained 
by Ziaei et al. [9] and Potts [6]. It should be noted that in both cases 
same displacement value has been applied on top of soil.
In addition, after applying the same pressure on top of soil, 
140 kPa, displacement under both footings is observed and the 
results are illustrated in Figure 15. It can be seen that under same 
pressure, maximum displacement in clayey soil is almost 50 times 
higher than those happen in sandy soil. In other words, in the case 
of h1/B=0.5 the displacement under footing has a value of 0.2 m for 
clayey soil, Figure 15b, while under same pressure only 0.004 m 
displacement occurs in sandy soil, Figure 15a.
Conclusions
In this paper, a numerical analysis was carried out to investigate 
the influence of different parameters on ultimate bearing capacity 
of layered soil and on soil failure mechanism. The soil was modelled 
as an elasto‐ plastic material and computation were carried out using 
 FEM software, ABAQUS.
For homogenous soil profile, the effect of soil parameters such 
as dilation angel, footing roughness and initial condition was studied 
on soil behaviour. It is found that with increasing dilation angel the 
wider and the deeper failure mechanism is accrued under the 
footing. In addition the failure mechanism for rough interaction 
is deeper and wider than those for smooth ones. The initial 
condition, K0, has an effect on soil behaviour before failure but has 
no effect on bearing capacity value. 
The bearing capacity value of one‐layer sandy soil obtained 
through ABAQUS was compared with those predicted by Terzaghi’s 
equation. It is concluded that for FEM analysis, the values for 
bearing capacity with considering dilation angel is 13% higher than 
those with no dilation and bearing capacity obtained by Terzaghi has 
the value between those two FEM values. 
In two‐layer‐soil comparing to one‐layer‐soil, bearing capacity 
decreases dramatically to less than 70% of its value by adding the clay 
thickness of h1/B=0.15 on top of sand. Increasing depth of clay 
leads to smaller values for bearing capacity showing that top layer 
mainly controls bearing capacity value. 
According to Michalowski [18], a so‐called critical depth in which 
strength of bottom layer has no influence on bearing capacity of 
whole model exists and this depth in this study is h1/B=1.5 or h1=4.5. 
For smaller values of h1, the failure mechanism goes further to 
the bottom layer while with increasing  thickness of clay, the plastic 
zone only shrinks into top layer. 
Direction and magnitude of displacement vectors are much smaller 
and more downward when the top layer is sandy soil. 
In the presented study the approach applied is straightforward for 
a two‐layer soil and is applicable for multi‐layer soil profiles as 
well. However, in this study only a short–term stability of footing 
was considered, the study on long‐term behaviour of material would 
be of interest. In addition, the effect of footing‐soil interaction can be 
taken into consideration in  the future analysis. 
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ABSTRACT  
This paper shows the methodology used for modelling the behaviour of a buried pipeline subjected to traffic load 
using the finite element method (FEM). Soil behaviour is represented by the elasto-plastic Drucker-Prager model 
and the pipe material is assumed to be isotropic and linear elastic using FEM software ABAQUS 6.13. For the 
whole system, the effect of surface pressure amplitude (magnitude of 200 and 550 kPa) on pipe-soil 
displacement and stress distribution is investigated at different pipe burial depths of 1–5 times the pipe diameter. 
In addition, the influence of pipe-soil interaction properties, boundary conditions at pipeline ends, pipe material 
properties and internal pressure are taken into consideration. For all cases, the results are compared with 
predictions obtained through numerical and experimental research, which shows satisfactory agreement with 
results from the literature. 
 
RÉSUMÉ 
Cet article présent la méthodologie adoptée pour modéliser du fonctionnement d’un tuyau enfouis soumis à la 
charge trafic par la Méthode des Éléments Finis (MÉF). La loi de comportement du sol est représentée par la 
modèle élastoplastique avec un critère de Drucker-Prager et le tuyau matériau est décrit par un comportement 
isotrope et élasticité linéaire réalise par le logiciel d'éléments finis, ABAQUS 6.13. Pour l'ensemble du système, 
l'influence de la charge trafic (200 et 550 kPa) aux différentes profondeurs d'enfouissement de 1 jousqu’ai1 5 fois 
de diamètre du tuyau sur les déplacements et les pressions de sol- tuyaux a été réalisé. En plus, l’effet sol- 
tuyaux interaction, l’influence de conditions aux limites, l’effet de matériaux de tuyau ainsi que l’effet de la 
pression du fluide dans tuyaux ont été pris en considération. Pour tous les cas, les résultats obtenus ont été 
comparés avec ceux existent dans la littérature et ont été vérifiées avec des prédictions recherches numériques 
et expérimentaux qui montrent un accord satisfaisant.  
 
 
1. INTRODUCTION  
 
Pipelines are essential infrastructure for providing 
water and gas to urban areas. They are typically 
buried in onshore and offshore applications for 
protection. In many cases, pipelines are buried in 
shallow foundations under highways or railways. 
Any damage due to traffic load, ground movement 
or any other reason can cause failure in the pipeline 
or malfunctioning of the system.  
In recent decades, many numerical and 
experimental studies have investigated the 
response of buried pipes subjected to different 
conditions focusing on pipe-soil interaction. In the 
1970s, pipe-soil interaction analysis received 
attention from many researchers. For numerical 
studies, the American Concrete Pipe Association 
made a serious study of buried concrete pipe 
behaviour using a finite element method (FEM) 
computer programme. The use of FEM to simulate 
problems was introduced by Culvert in 1976, and in 
1984 ASCE introduced the Winkler model, an 
elasto-plastic soil spring model based on the model 
developed by Audibert (Audibert & Nyman 1977). 
Since then, many numerical and experimental 
analyses have been performed to investigate buried 
pipe response under various conditions such as 
moisture change, cyclic load, installation procedure 
effects and so on (Trautmann 1985; Zaman M M, 
Desa Ch. & Drumm E.C. 1984; Abo-Elnor, Hamilton 
& Boyle 2004; Kang, Parker & Yoo 2008; 
Chatterjee, White & Randolph 2013; Farhadi 
Hikooei 2013; Rajeev & Kodikara 2011; Calvetti, di 
Prisco & Nova 2004; Liu et al. 2010). 
In a numerical study carried out on buried pipe 
behaviour, the effect of interaction properties, 
backfill geometry and material properties on pipe-
soil interaction was investigated using the FEM 
software ABAQUS (Kararam 2006). It was found 
that increasing the friction coefficient leads to a 
reduction in pipe deflection and the effect of 
bedding material is more significant than the effect 
of bedding thickness on induced stress. In another 
study, the behaviour of an HDPE pipe buried in a 
sandy soil under cyclic load was analysed through 
an experimental approach (Tafreshi & Khalaj 2011). 
A formulation was developed to calculate soil 
surface settlement and pipe crown displacement 
based on soil density, burial depth variation and 
stress. It was found that burial depth, amplitude of 
surface pressure and soil density dramatically 
affects pipe behaviour. The results from this 
research showed that increasing the burial depth 
leads to an increase in soil settlement and a 
decrease in pipe displacement. Also increasing the 
burial depth leads to a considerable reduction in the 
rate of pipe displacement conducted another 
investigation in which a steel pipe was subjected to 
a repeated load up to 100 kPa(Mir Mohammad 
Hosseini & Moghaddas Tafreshi 2002). It was found 
that pipe embedment depth and soil density were 
the most significant parameters, amongst others. 
Another study considered the effect of various 
conditions on pipe-soil interaction subjected to a 
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surface surcharge load. Soil and pipe were 
modelled as a continuous area with two different 
nodes and their interaction modelled as a surface to 
node. The researchers found that the impact of 
bedding stiffness and compaction levels on the 
induced stresses were more important than the 
effect of bedding thickness (Abolmaali & Kararam 
2010). In another research carried out using Plaxis, 
the effect of different parameters including pipe 
burial depth, surface pressure, internal pressure, 
pipe diameter and thickness were taken into 
consideration (Shaalan 2014).  
The objective of this paper is to determine the 
performance of a buried pipeline subjected to traffic 
load, taking into consideration the effect of internal 
pressure. The computations are done using the 
commercial finite element software ABAQUS, 
version 6.13 (ABAQUS-6.13 2013). For the whole 
system, the study investigates the effect of a 
surface pressure amplitude of 200 and 550 kPa at 
different pipe burial depths, varying between 1, 1.5, 
2, 2.5, 3.5 and 5 times the pipe diameter, on pipe-
soil interaction, on soil surface settlement and on 
stress distribution. In addition to this, the effect of 
pipe-soil interaction properties, pipe material, 
boundary conditions at the pipeline ends and the 
internal pressure of different fluids are investigated. 
All results obtained through this research will be 
presented in the following sections and verified 
against predictions published in the existing 
literature.  
 
 
2. MODEL DESCRIPTION 
 
The following section presents the definition of the 
problem, as shown in Figure 1. Due to the long 
length of the pipe compared to its width, the 
problem can be modelled assuming plane strain 
conditions. The size of the model should be 
sufficient to keep the boundary conditions from 
affecting the soil movements due to traffic loading. It 
should be noted that in this study, the X-Y plane is 
the area in which the soil is subjected to various 
loads, e.g. positive direction for Y is opposite 
direction of the weight. For boundary conditions, as 
shown in Figure 1, both vertical sides of the model 
are fixed in a horizontal direction with vertical 
displacement, and the bottom of the model is fixed 
in both vertical and horizontal directions. In all 
models, the mesh has been refined in areas with 
stress concentration around the pipe. Pipe and soil 
elements were modelled as CPE4R or 4-node 
bilinear plane strain quadrilateral, with reduced 
integration. To calculate thickness of pipe, based on 
the hoop stress formula for a pipe with an internal 
pressure of σp, with a tensile pressure of P and an 
outside diameter of D0, a minimum thickness of       
t0 =
௉஽଴
ଶơ୮ is required (ASCE 2009). This means that a 
thickness of 5 cm is satisfactory for a pipe of 1 m, 
with an internal pressure of 414 kPa, yield stress of 
490 MPa and tensile strength of 690-840 MPa. The 
width of the trench should not be less than the 
greater of 1.5 times of the pipe outside diameter (1 
m) plus 305 mm or the pipe outside diameter plus 
406 mm (AASHTO 1998). The chosen trench width 
is therefore 2 m with material properties being a 
well-graded or gravelly sand with a 90% compaction 
(SW90) used based on ASTM recommendations 
(ASCE 2001). 
 
Figure 1. Finite element discretization and boundary 
condition selection of the model 
 
To predict live load effects on pipe-soil behaviour, 
the best constitutive soil model is elasto-plastic. In 
this study, the soil is modelled as an isotropic 
elasto-plastic material satisfying the Drucker-Prager 
failure criterion. Since the pipe is stiffer than its 
surrounding soil, the plastic behaviour of the pipe is 
not investigated here and the pipe is classified as 
linear elastic. Two types of pipe are selected due to  
investigate the impact of pipe properties on pipe-soil 
behaviour: steel pipe and high density polyethylene, 
referred to hereafter as HDPE. Soil and pipe 
properties are illustrated in Table 1. The properties 
of the soil, steel pipe and HDPE pipe are adapted 
from (NCHRP 2009; Tafreshi & Khalaj 2011). 
 
Table 1 Material property of sandy soils and pipes 
 
 
 
From the different contact models in ABAQUS, 
surface-to-surface interaction is chosen to model 
the interaction of soil and pipe as two deformable 
parts. It is worth noting that the interaction between 
pipe and soil has two components, of which one is 
perpendicular to the surface and the other is 
tangential to the surface. The friction coefficient 
between the pipe and soil is assumed to vary from 
0.1 to 1. It should be noted that for this case or for 
Appendix   Page 24
tangential contact, separation is allowed after 
contact and slipping is allowed during analysis. 
Hard contact is chosen for the normal direction, 
means there is pressure just only when there is 
contact. To define the interaction in ABAQUS, the 
pipe element is chosen as the master surface with a 
stiffer body, and the soil as a slave surface with 
more refined meshes (King & Richards 2013). The 
model is created in four steps. In the first step, 
which is the initial condition, all boundary conditions 
are defined as described previously. In the next 
step, a geostatic step a gravity load is applied to the 
model. In the third step, pipe and pipe-soil 
interaction are activated and the pipe weight is 
applied to the model. Pipe elements are reactivated 
during this step allowing movement in a vertical 
direction. In the last step, traffic load is applied to 
the soil surface at the trench width, exactly on top of 
the pipe. In addition, when considering the effect of 
internal pressure, fluid pressure is applied to the 
pipe’s internal walls. It should be noted it is 
assumed that relative movement between the soil 
and pipe is impossible. 
3. RESULTS AND DISCUSSION
The following sections present the results of 
numerical analysis along with discussions 
highlighting the effect of different factors on buried 
pipeline behaviour. Pipe behaviour and deformation 
depend on the geometry and properties of the 
surrounding soil, pipe properties, pipe-soil 
interaction and pressure values (Whidden 2009). In 
this study, the effect of some of parameters 
summarised in Table 2 on pipe-soil behaviour will 
be investigated while pipe diameter, trench width 
and properties remain unchanged.  
Table 2 Scheme of different cases for buried pipe 
behaviour investigation 
3.1 Effect of Burial Depth and Surface Pressure 
on Displacement at Soil Surface and Pipe Crown 
Figures 2(a) and 2(b) show the displacement on the 
soil surface and at the pipe crown versus the burial 
depth of a pipeline subjected to live load with 
amplitude of 200 and 550 kPa. The recommended 
axle load of the truck is 18000 kg over two twin 
pairs of wheels, which creates a stress of 8.5 
kg/cm3. It is assumed that the stress in this case is 
applied to the soil and there is no flexible pavement 
overlaying the soil surface, which would 
considerably reduce the stress. If a 5 cm layer of 
asphalt was taken into account, the maximum 
applied stress on the soil surface would be reduced 
to 5.5 kg/cm3 or 550 kPa. Amplitudes of 200 and 
550 kPa were chosen to apply on soil surface to 
simulate a variety of vehicles(Hunang 1993). 
(a) 
(b) 
Figure 2. Vertical displacement as a function of 
depth and surface pressure (a) on soil surface (b) 
on pipe crown 
Figure 2(a) describes the vertical displacement 
at the soil surface for six different burial depths 
1 ൑ ு஽ ൑ 5 under a surface pressure of 200 and 550 
kPa. It can be seen that under a surface pressure of 
200 kPa, at H/D=1, the soil surface displacement is 
about 2 cm and with an increase in H/D from 1 to 5, 
the soil surface displacement increases to 4 cm. For 
a surface pressure of 550 kPa, with increasing 
depth of embedment from 1 to 5, the surface 
settlement increases from 7 to 10 cm. It should be 
noted that both graphs display the same pattern 
and the gap between these graphs is almost 
consistent. Displacement rate varies significantly on 
the soil surface for shallower burial depths 
compared to deeper burial depths. Overall, for a 
burial depth of H/D=1, surface displacement is at its 
minimum, and increasing the H/D leads to greater 
displacement at the soil surface.  
Figure 2(b) illustrates the crown displacement of 
the pipe at six different burial depths under surface 
pressures of 200 and 550 kPa. It can be seen that 
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the crown displacement of a steel pipe is a function 
of burial depth and surface pressure, and it is more 
sensitive to surface pressure variation rather than 
burial depth changes. Under a surface pressure of 
200 kPa with a burial depth increasing from 
H/D=1	to H/D=5, the pipe crown displacement 
decreases from 2 cm to 1 cm. For a surface 
pressure of 550 kPa, crown displacement is 5.5 cm 
at H/D=1 and with a burial depth increasing to 
H/D=5, crown displacement goes down to 2.5. In 
addition, the gap between the two graphs is more 
significant at shallower depths and this gap tends to 
become narrower with an increasing H/D. In other 
words, surface pressure value tends to have less 
effect on pipe displacement at deeper embedment 
depths.  
Another study analysed the behaviour of a 
buried pipe under cyclic load through an 
experimental approach(Tafreshi & Khalaj 2011). 
The result of this research shows that increasing 
burial depth leads to increased settlement on the 
soil surface and decreased crown displacement. It 
was found as well that increasing the surface 
pressure leads to more displacement in both the 
soil surface and pipe crown. The results found in 
the abovementioned research were in good 
agreement with the results of the current research.  
3.2 Effect of Burial Depth and Surface Pressure 
on Stress Transmitted to Pipe  
This section analyses the stress distribution 
transmitted to a shallow buried pipe. Vertical 
pressure transmitted to the pipe is the sum of the 
dead load due to the weight of the soil cover on top 
of the pipe (Moser 1990) and the live loading 
caused by traffic or wheel load. As the basics of 
numerical calculation of the total stress on a pipe is 
not the purpose of this research, the stress on pipe 
is calculated based using Eq. 1.in (ASCE 2009).  
 ௧ܲ௢௧௔௟ ൌ ௗܲ൅ ௟ܲ ൌ ߛܪ ൅ ௐ஼೏ுమ 													ሾ1ሿ  
In Eq. 1, Ptotal is the sum of the dead load and 
live load. Dead load, Pd , is a function of ߛ or the 
density of the soil and a function of H or soil depth. 
Live load or Pl is a function of W and H, 
representing dual wheel load and soil depth cover 
respectively. Cd is a coefficient based on the 
Boussinesq solution which has been developed by 
Hall and Newmark (Moser 2001). Hall and 
Newmark integrated the Boussinesq solution to 
obtain the load on the pipe under a live load, and in 
their formulation, the fraction of the wheel 
transmitted to the pipe is a function of burial depth 
called the Boussinesq curve in which for H>1 m the 
factor is 1.0 (Moser 2001) and the Eq.1 is 
applicable. A comparison of two methods, the 
numerical and FEM solution is presented in Figure 
3. In both methods, the stress on the crown is
calculated for different burial depths under a surface
pressure of 550 kPa.
 It can be seen in Figure 3 that the stress values 
on pipeline obtained by FEM and through the 
numerical method show almost the same pattern. In 
the numerical method, increasing the H/D from 1 to 
2.5 causes the stresses on the pipe to drop 
dramatically from 300 kPa to less than 100 kPa. 
When the H/D increases from 2.5 to 3.5 the graph 
remains almost steady at 100 kPa, and increasing 
the H/D	to 5 causes a slight increase in the stress 
value. In the FEM method, increasing the 
embedment depth from 1 to 3.5 causes the stress 
on the pipe to fall from 260 kPa to less than 80 kPa. 
After this point the graph begins to rise, and as for 
the numerical method, there is a slight increase in 
stress reaching 100 kPa at H/D=5. Overall, the 
stress on the pipe is higher using the FEM method 
for shallower depths except at H/D=1, compared to 
the numerical solution. This difference can be due 
to the different assumptions made in the two 
methods. For example, in the Boussinesq solution 
soil is supposed to be elastic while in the FEM 
method, soil shows elasto-plastic behaviour. In 
addition, the effect of lateral earth pressure is not 
considered in the numerical method, while in nature 
and in the FEM solution, soil is not classified as an 
isotropic and homogenous material. It is worth 
noting that the stress on the pipe is at its maximum 
when the burial depth is at its minimum. Increasing 
the burial depth from 1 to 2.5, causes the stress on 
the pipe to down from 300 kPa to 100 kPa, and 
increasing the burial depth after this point does not 
significantly affect the stress on the pipe. 
Figure 3. Stress distribution on the pipe at various 
burial depths under a pressure of 550 kPa on the 
soil surface (ASCE 2009) 
3.3 Effect of Internal Pressure  
This section investigates the performance of buried 
pipelines subjected to a surface load with regard to 
the internal pressure effect. The influence of internal 
fluid pressure was investigated under a surface 
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pressure of 550 kPa at two different burial depths of 
H/D=1, 2.5. It is assumed that the fluids in the pipe 
are water and gas, which induce internal pressures 
of 414 and 7500 kPa, respectively.  
Figure 4 illustrates the effect of liquid pressure 
on pipe displacement for two burial depths of 1 and 
2.5. For H/D=1 and a thickness of 5 cm, when there 
is no fluid pipe crown displacement is 5.3, and with 
the application of water pressure, the crown 
displacement drops to 5 cm It can be seen in Figure 
4 that the pipe tends to deflect more when there is 
no liquid. However, applying higher pressure 
causes the calculations to stop due to failure in the 
pipeline. To solve this issue, the thickness of the 
pipe was increased to 10 cm for those cases 
dealing with gas pressure. 
Figure 5 illustrates the effect of internal pressure 
on the maximum stress on a pipe wall for two burial 
depths of H/D=1 and 2.5. It can be seen that 
applying internal pressure causes an increase in the 
maximum stress value. The higher the pressure is, 
the greater the stress on the pipe. It should be 
noted that stress on a pipe for high pressure liquids 
or gas is highly affected by the burial depth of the 
pipe.  
Figure 4. Effect of internal pressure on vertical 
crown displacement for a steel pipe 
Figure 5. Effect of internal pressure on the 
maximum stress in a steel pipe 
In another study, the effect of three fluid 
pressures on steel pipeline was investigated using 
PLAXIS 2D program software (Shaalan 2014).  It 
was concluded that increasing the internal pressure 
leads to a decrease in pipe crown displacement for 
shallower burial depths ு஽ ൑ 3	although this 
decrease is not remarkable. This shows a good 
agreement between the two studies. 
3.4 Effect of Pipe Material Properties 
This section investigates the effect of pipe material 
on crown deflection by considering two types of 
pipe, HDPE and steel, whose properties are based 
on those listed in Table 1. The effect of interaction 
is not taken into consideration for this analysis and 
it is supposed that the contact pairs are a tied 
surface to surface. In addition, the results presented 
are for the case in which surface pressure is 550 
KPa and H/D=2.5. Figure 6 shows the ring 
deflection of the pipe represented as a function of 
E. Ring deflection is a function of different
parameters including pipe stiffness, geometry and
soil parameters (ASCE 2009). In this case, as the
properties and geometry of the pipe and the soil
properties remain unchanging, deflection is only a
function of the ratio of E/E’ in which the E of steel is
almost 250 times greater than the E’ of HDPE pipe.
Figure 6. Ring deflections of HDPE and steel pipe 
as a function of E 
It is clear that the ring deflection plunged from 
1.5% for steel to 0.2% for HDPE. Looking closely at 
the figure reveals that for the steel pipe, the crown 
and bottom have almost the same value of 
displacement, while for the HDPE pipe these values 
are different. For example, the bottom of the HDPE 
pipe has a displacement of 2 cm while its crown has 
a displacement of 3.56 cm; this difference leads to a 
higher value of ring deflection for the HDPE pipe. 
The parameter of d or ring deflection values are 
1.52% and 0.2% for the HDPE and steel pipes 
respectively. 
3.5. Effect of Friction Coefficient on Pipe-Soil 
Interaction 
In ABAQUS, the interface can be used to simulate 
the interaction between a pipe and its surrounding 
Steel pipe HDPE pipe
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soil using surface-to-surface contact. As the pipe is 
a stiffer material, it is simulated as a master surface 
and its surrounding soil as a slave surface, based 
on the FEM recommendation. To avoid 
convergence difficulties, an unsymmetric solver 
matrix was used to solve the problem, and to avoid 
the penetration of the master surface nodes into the 
slave surface, the master surface mesh was 
refined. The interaction properties of the model 
were created by defining both tangential and normal 
behaviour at a depth of ு஽ ൌ 1	and under a surface 
pressure of 550 kPa. To assess the effect of the 
friction coefficient on pipe behaviour, different 
friction coefficient values for the pipe and 
surrounding soil surfaces were selected, varying 
from 0.1 to 0.9 and value of 1 is presenting  full-
bonded situation.The effects of the friction 
coefficient on the deflection of both HDPE and steel 
pipes are shown in Figure 7.  
Figure 7 Effect of friction coefficient on pipe-soil 
deflection  
It can be seen that friction coefficient variation 
has a small effect on pipe displacement. Pipe 
displacement under a surface pressure of 550 kPa 
drops from 5.8 cm for friction coefiicient of 0.1 to 
5.1cm for a full-bondad case. In another study the 
effect of interaction on deflection of a concrete pipe 
was investigated using ABAQUS(Kararam 2010). It 
is shown in that study that increasing friction 
coefficient from 0.1 to 0.9 leads to decrease in pipe 
deflection although this decrease is too small 
changing which is in a good agreement with results 
of current study. 
To compare the effect of interface conditions 
along pipe boundaris, the influence of the  friction 
coefficient of 0.5 are compared with those for full-
bonded conditions and results are presented in 
Figures 8 and 9. In Figure 8 the effect of two 
interface conditions on pipe displacement under a 
surface pressure of 550 kPa and H/D=1 and 3.5 are 
illustrated. As is illustrated by the graph, for H/D=1 
and  friction coefficient of 0.5 pipe displacements 
drops from 5.5 cm to 3.0 cm while angel from crwon 
is increasing. Similarly for a full-bonded case, pipe 
displacement drops from 5.1 cm to 4 cm when 
angel increases from 0o to 60o. After this point with 
inceasing angel from 60o to 120o. pipe displacement 
remains steady at 4 cm. Then with increasing angel 
to 180o pipe displacement decline to 3.0 cm. 
Overall, the pipe displacement decrease with 
increasing angel and for friction coeficient of 0.5 
and the same pattern is obtained for deeper burial 
depth  or for H/D=3.5. 
 The effect of interaction properties on stress 
distribution of pipe as a funtion of angel from crown 
is illustrated in Figure 9. As can be seen from the 
graph three different sections exist in the graph. Left 
and right parts  for which stress of full-bonded 
interaction is bigger than those with friction 
coefficient of 0.5. While in the middle area where 
full-bonded interaction has a lower stress along 
pipe.  It should be noted at crown and invert 
interaction propertis almost has no impact on 
stress. Results presented here had a good 
agreement with those presented by (Kang 2007) 
Figure 8 Effect of interface conditions on pipe 
displacement along pipe circumference 
Figure 9 Effect of interface conditions on stress 
distribution along pipe circumference  
3.6 Effect of Boundary Condition 
So far, all of the results presented here have been 
for a 2D plane strain model. Under the plane strain 
condition, it is assumed that the length of the pipe 
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compared to its width is sufficient. However, 
boundary conditions can be changed for any 
infrastructure through the pipe length. To compare 
the effect of boundary conditions, a 3D model was 
built to analyse how boundary conditions can affect 
the stress and displacement along the pipe path. 
Two types of boundary conditions at the end of 
pipeline were selected, roller and hinge. As 
suggested in many standards for three-dimensional 
analysis, it is better to model pipe elements as a 
series of shell elements (ASCE 2009; Kunert, 
Otegui & Marquez 2012). Three-dimensional brick 
elements are used to simulate the surrounding soil 
(C3D8R) and four-node reduced-integration shell 
elements (type S4R) are used for the pipe, as 
shown in Figure 10. 
Figure 10. Finite element discretization and 
boundary condition selection of the model (a); and 
pipe mesh elements (b) 
(a) 
(b) 
(c) 
Figure 11. Displacement and stress on the pipe-soil 
interaction along the whole length of a pipe with a 
hinge boundary at the pipeline ends 
As can be seen from the results in Figure 11(a), 
the left and right hand parts of the graph are 
restricted in movement due to these points. Moving 
towards the middle of the pipe, there is a downward 
deformation of 5 cm which is the maximum. At the 
ends of the pipeline and at the hinge boundary 
condition there is no displacement, while maximum 
stress occurs at these points. In addition, from the 
sides of the pipe to the middle, there is a decrease 
in the stress of the pipe from 204 to 160 kPa, while 
displacement increases from 0 to 5 cm in the 
middle. Figures 11(b) and 11(c) illustrate the 
displacement and stress distribution along the 
pipeline. It is concluded that analysing pipe soil 
behaviour using plane strain conditions should be 
done with caution, as any infrastructure along the 
pipeline path can change the boundary conditions 
and both stress and displacement can vary 
dramatically along the pipeline length. 
4. SUMMARY AND CONCLUSIONS
In this research, a numerical analysis was carried 
out to investigate the influence of different 
parameters on pipe-soil behaviour under live load 
using the FEM software ABAQUS. The soil model 
was elasto-plastic and the pipe was elastic linear. 
The effect of surface pressure amplitudes of 200 
and 550 kPa at different pipe burial depths, H/D= 1, 
1.5, 2, 2.5, 3.5 and 5 on settlement and stress 
distribution at the pipe-soil interaction and soil 
surface were investigated. In addition, the influence 
of pipe-soil interaction properties, pipe material, 
boundary conditions at pipeline ends and internal 
pressure from different fluids were taken into 
consideration. All results obtained through this 
research were verified with predictions published in 
the existing literature.  
The effect of burial depth and surface pressure 
for six different burial depths,1 ൑ ு஽ ൑ 5, under a 
surface pressure of 200 and 550 kPa on soil 
settlement at the soil surface and on the pipe crown 
was investigated. It was demonstrated that when 
H/D is at a minimum, surface displacement is also 
at a minimum, and an increasing H/D leads to more 
displacement at the soil surface, especially for 
H/D<2.5. However, displacement at the crown 
decreases with increasing H/D. This rate of change 
for H/D <2.5 is more significant. In other words, 
surface pressure tends to have less of an effect on 
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pipe displacement for deeper embedment depths. 
In addition, stress on the pipe is at a maximum 
when H/D is at a minimum. Increasing the H/D 
leads to a decreased in the stress on the pipe, and 
for H/D>2.5, increasing the depth does not 
significantly affect the stress on the pipe. 
Variations in internal pressure and interaction 
properties affect pipe displacement, although these 
changes are not remarkable. Increasing the friction 
coefficient leads to a decrease in pipe deflection, 
although this decrease is not significant. A hinged 
boundary condition affects stress and displacement 
distribution along the pipe length, showing that at 
the ends of the pipeline, when there is no 
displacement, maximum stress occurs at these 
points. It is worth noting that one of the limitations in 
this research was that the pipe installation 
procedure was not simulated. In addition, it was 
assumed that the pipe did not deform during 
construction, and the relative movement of the pipe 
and soil was not taken into consideration which are 
recommended to be investigated. Considering 
traffic load as a cyclic load to assess pipe-soil 
interaction behaviour and degradation effect is 
another area of interest.  
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ABSTRACT: In this paper, a flexible buried pipe response subjected to traffic load is investigated through 
laboratory experiments and numerical analysis. A series of laboratory tests and numerical simulations were carried 
out to investigate the impact of surface pressure and burial depth on the model response. Experimental tests were 
carried out using UTM25 to apply load on surface of a tank in which pipe was buried. Numerical simulations were 
conducted using the Finite Element Method, ABAQUS software to develop a better understanding of the pipe 
behavior. Results indicate that a good agreement between numerical and experimental test results was observed. 
In addition, experimental and numerical analysis reveal that increasing burial depth decreases pipe deflection, 
increases soil surface settlement and decreases pressure on pipe while increasing surface pressure increases all 
mentioned parameters. From all numerical and experimental results and using the Curve Fitting analysis in Matlab, 
equations were developed to predict soil surface settlement, pipe vertical diametric strain and pressure on pipe. 
Cumulative error analysis shows that all predicted parameters have less than 10% error.  
Keywords: HDPE pipe, Traffic load, Laboratory tests, Numerical analysis, Finite element 
1. INTRODUCTION
Since the dawn of civilization underground
pipelines have been serving humans life to improve 
their standard of living. Pipelines are a common and 
reliable mode of transportation and in general they 
represent a small risk to human life and to the 
environment. However, they can be a big threat and 
can represent large capital cost when they fail. Based 
on available data from the U. S. Pipeline and 
Hazardous Materials Safety Administration (PMHSA 
2011), the average damage cost arising from 
significant pipeline damage incidents over the past 10 
years was more than $400M/year[1]. In many cases 
of failures those buried pipelines are subjected to 
traffic load. Therefore, a comprehensive research on 
pipe-soil interaction subjected to traffic loads to 
minimize costs of coming failures is needed. 
Over past decades numerous experimental and 
numerical researches have been carried out to 
investigate the pipe-soil response due to either 
moisture change or geometrical condition, soil types 
and burial depth impact, ground condition and failure 
effects. However, the research effort on pipeline 
behavior due to traffic loads is limited and still is a 
challenging task. In recent years, some researches 
have been investigated the behavior of buried flexible 
pipe under traffic load through experimental 
approaches. In a recent research the behavior of pipe 
in a large scale soil chamber under surface load was 
investigated by KO and Kuwano in 2010[2]. They 
investigated the performance of surrounding soil and 
distribution of acting stress on the pipe by using load 
cells installed on PVC pipe. It was found that in loose 
sand pipe deformation was much greater than those in 
dense backfill. Tafreshi and Khalaj analyzed the 
behavior of a buried plastic pipe and soil surface 
changes under traffic load [3]. It was found that burial 
depth, amplitude of surface pressure and soil density 
dramatically affects pipe behavior. The results from 
this research showed that increasing burial depth 
increases soil settlement and decreases pipe 
deflection[4].  
The use of finite element method to simulate 
problems in pipe soil interaction analysis was 
introduced by Culvert in 1976 and Heger in 1985. 
Since then, many numerical investigations have been 
carried out to investigate pipe-soil interaction using 
finite element methods. In recent years, Tavakoli and 
Moghaddas Tefreshi carried out a research on buried 
pipe response protected by combination of geocell 
and rubber mixers subjected to traffic load. They used 
a finite element package, FLAC to model cyclic 
behavior of pipe and surrounding soil [5, 6]. A good 
agreement between numerical and experimental 
results was observed and results showed that the use 
of geocell and rubber mixture significantly reduces 
pipe deflection and soil surface settlement. Mosadegh 
and Nikraz in 2015 performed a parametric study 
with the use of ABAQUS on both 2D and 3D models 
to illustrate the impact of surface pressure, loading 
area, boundary conditions, pipe material properties, 
internal pressure and pipe-soil interaction properties 
on buried pipe response and soil surface settlement. 
Amongst all parameters, surface pressure, burial 
depth and loading area had the most significant 
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impact on model response. In their research the 
impact of cycles was not considered and traffic load 
was applied on soil surface as the static load[7]. From 
the literature review, previous studies are limited to 
either experimental or numerical analysis. An 
experimental and numerical study both together 
investigating the impact of traffic load on buried pipe 
response is needed see also [4] 
The specific aims of this study are to examine the 
response of buried pipeline subjected to traffic load 
considering changes in pipe deflection, soil surface 
settlement, and increase on earth pressure on pipe 
through experimental and numerical investigations. A 
series of tests were conducted to analyze the impact 
of traffic load and burial depth on model response 
through full scale tests. A numerical simulation of 
laboratory model was developed to analyze those 
parameters impact on model response parallel to 
experimental tests. Finally, a relationship between 
parameters to predict pipe behavior, and surface 
changes and pressure on pipe due to traffic load was 
developed. 
2. EXPERIMENTAL SETUP
A testing tank was designed and built as a rigid
steel box with the dimensions of the 700 mm x 600 
mm x 230 mm (700 mm in width in X direction, 600 
in length in Z direction and 230mm in depth in Y 
direction) and its detail is shown in Fig.1. The tank 
was built in Curtin University for the purpose of this 
project. The selected sizes are due to limitation from 
load applying machine. UTM 25 was used to apply 
load on soil through a footing as load plate. The 
footing was modelled as a steel plate with the length 
of 220 mm, width of 100 mm and thickness of 20mm. 
Fig. 
Fig.1. Schematic representation of test setup 
The length of footing is almost equal to the width 
of the tank in order to maintain plain strain condition. 
For applying the load the footing is centred in the tank 
while the length of footing is parallel to the width of 
tank and buried pipe. It is noted that on the back face 
of tank a layer of smooth material was applied to 
decrease friction between soil and steel and make the 
friction similar to front face. Two types of soil used 
in this study, trench soil or soil A and granular soil or 
Soil B as shown in Fig.2. Error! Reference source not 
found.Trench soil is a sandy soil with the grain size 
between 0.07 and 4.75 mm and its grain size 
distribution is shown in Fig. 2. Soil B or granular soil 
typically is used for flexible road bases with the grain 
size between 0.07 and 26. Soil A is classified as SP or 
poorly graded sand and soil B is classified as GP or 
poorly graded gravel based on the Unified Soil 
Classification System (USCS). The properties of both 
soil used in this research are shown in Table 1. 
Fig. 2. Particle size distribution 
Table 1 Physical properties of soils 
Description SoilA SoilB 
D50 (mm) 0.32 4.7 
Coefficient of uniformity (Cu) 2.11 11.33 
Coefficient of concavity (Cc) 1.14 0.078 
Max. dry unit weight (kN/m3) 16.5 20 
Optimum moisture (%) 13 5 
The pipe was a 110mm diameter HDPE or high-
density polyethylene pipe. It is noted in urban 
services such as drainage sewer applications, pipe 
diameters vary widely however, a reasonable 
dimension representing a common small pipe 
diameter has been chosen. The pipe has 6.8 mm 
thickness and 220mm length with the Standard 
Dimension Ratio (SDR) or D/t of 16. Based on 
properties provided by manufacturer, envoiropipe, 
the pipe density is 955 (kg/m3), its yield strength is 23 
MPA and has a Young modulus of 950 MPA. The 
length of the pipe is 1 cm less than the width of tank 
to prevent binding against the end walls and boundary 
condition impacts. In addition, in order to prevent 
sand particles enter the pipe, the two ends of the pipe 
were covered by plastic as shown in Fig.3. 
Tank sample for each test was prepared separately 
by placing granular soil or soil B at the bottom and 
lateral sides of tank in a U shape. Before putting the 
trench material, pipe should be in place while strain 
gauges and pressure cells were attached to the pipe in 
appropriate positions. Then, after placing pipe, soil A 
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or sand material was to be placed and be compacted 
in trench area. The chosen trench width is 50 cm and 
this width was chosen according to AASHTO 
recommendation in which trench width should not be 
less than the greater of 1.5 times of the pipe outside 
diameter (1 m) plus 305 mm or the pipe outside 
diameter plus 406 mm [8]. Trench depth varied in 
different tests and changes between 220 to 385 mm 
which is sum of burial depth plus pipe diameter. Soil 
compaction was performed with an appropriate 
hammer to simulate compaction in the field to reach 
95% maximum dry density based on ASTM 
recommendations [9]. Height of the trench was 
divided into equal strips so that the soil in each layer 
(i.e. 6 cm thickness) was compacted separately. The 
soil weight required in each layer was calculated from 
considerations of soil unit weight and chamber’s 
volume. At the end, the surface of soil was levelled. 
In the last step, loading cell and the loading plate were 
centred in the tank as shown in Fig. 3. An extra LVDT 
was placed on top of plate to monitor the surface 
settlement parallel to UTM25 data capturing. In the 
current experiment program, desired monitored data 
includes pipe deflection VDS, surface deformation 
SSS, increased vertical pressure distribution σ on pipe 
soil interaction. Strain gauges used to capture pipe 
deflection were an F series Lead wire integrated foil 
strain gauge type: FLA-2-11 and manufactured by 
Tokyo Sokki Kenkyujo TML. They have the length 
and width of 2 and 1.5 mm, respectively. Four of them 
were installed on pipe circumference. Later, it will be 
explained how strain gauges reading will be 
converted to pipe deflection. Soil surface settlement 
was monitored through two LVDTs, one built in 
UTM25 and the other provided on soil surface. To 
capture pressure on pipe, the pressure cells were 
Miniature Pressure Gauge type: PDA-1 MPA 
manufactured by Tokyo Sokki Kenkyujo with 6.5 
mm diameter and 1 mm in thickness. Two pressure 
cells were placed on pipe crown for each test. It is 
noted the repeatability of tests to achieve reliable 
results were assessed prior to test program.  
 
3. NUMERICAL MODEL 
 
A numerical simulation was conducted and a FE 
model was built based on laboratory setup to 
investigate pipe-soil behaviour subjected to traffic 
load within numerical context.  
The geometry of the model consists of three parts 
including pipe and two types of soil. As shown in m.at 
either ends of the mesh (y = 0 and y = 0.23 m), all 
nodes are free in the y-direction and due to symmetry, 
only half of model is considered. The boundary 
conditions at the sidewalls are fixed in one direction 
and can move in z direction. Boundaries of the 
backfill part are changing from 1D to 2.5D, in which 
D represents pipe diameter.  
 
 
Fig. 3. Sample preparation from left to right and up to 
dawn: placing pipe; compacting trench; tank is ready, 
placing load plate and LVDT in place 
 
 
 
Fig. 4. Finite element discretization  
 
The initial horizontal stresses are based on an 
arbitrary earth pressure coefficient of 0.4. Three-
dimensional brick elements are used to simulate the 
surrounding soil (C3D8R) and four-node reduced-
integration shell elements (type S4R) are used for the 
pipe. In all models, the mesh has been refined in areas 
with stress concentration around the pipe. Amongst 
different contact models available in ABAQUS, 
surface to surface interaction is chosen to model the 
interface between pipe and soil[10]. This interface 
can describe contact between two deformable 
surfaces or between a deformable surface and a rigid 
one. As the pipe is stiffer, it is simulated as a master 
surface and its surrounding soil as a slave surface. To 
avoid convergence difficulties, an unsymmetrical 
solver matrix is used to solve the problem as S-to-S 
discretization. Pipe is assumed to behave linear 
elastic and the properties of the HDPE pipe are 
adapted from provider as described earlier in section 
2. To model soil material series of triaxial and direct 
shear tests were performed on trench soil and an 
elasto-plastic material law with Drucker-Prager 
failure criterion and a non-associated flow rule were 
considered to describe the behavior of dense sand. 
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This soil has a friction angel of 38.5o and cohesion of 
5 kPa, Young’s Modulus, E’ of 9.8 MPa and 
Poisson’s Ratio, ϑ of 0.3. As granular soil has less 
influence on test results its plasticity was not 
considered and it models a linear elastic with Young’s 
Modulus, E’ of 300 MPa and Poisson’s Ratio, ϑ of 0.4. 
The model is created in four steps. In the first step, 
which is the initial condition, the pipe and soil initial 
conditions such as the boundary conditions and the 
interfaces between soil and pipe, have been defined. 
In the next step, geostatic step, a gravity load is 
applied to the model and an average initial soil stress 
state is applied throughout the soil mass prior to 
application of the surface load. In the third step, pipe 
and pipe-soil interaction are activated and the pipe 
weight is applied to the model. Pipe elements are 
reactivated during this step allowing movement in a 
vertical direction. In the last step, traffic load is 
applied to the soil surface at the trench width, exactly 
on top of the pipe acting over a rectangular of 0.2 
length and 0.1 width immediately over the centreline 
of pipe.  
It is essential to find a relationship between 
measured circumferential strain on pipe and pipe 
deflection. For that purpose a parallel plate test was 
carried out, as shown in Fig. 5, using a compression 
testing machine to measure vertical diametrical 
change of pipe (measured by LVDT) and wall 
circumferential strain at crown and bottom of pipe 
(measured by two strain gauges). Once the bedding is 
formed, pipe deflections can be calculated through 
measuring strain at SG s. To predict pipe behavior a 
FEM model was built to measure pipe deflection and 
strains. Pipe element type was a three- dimensional 
element shell elements (S4R) with reduced 
integration and fixed boundary condition on the 
bottom as shown in Fig. 5 . For validation, results 
obtained from experimental and numerical analysis 
were compared with those calculated from empirical 
method in Eq(1) [11]: 
𝜺𝜺 = 𝑷𝑷𝑷𝑷
𝟐𝟐𝟐𝟐𝟐𝟐
+ 𝟔𝟔( 𝟐𝟐
𝑷𝑷
)𝑿𝑿(𝜟𝜟𝜟𝜟
𝜟𝜟
)          (1) 
where 𝜺𝜺 is pipe strain, P is internal pressure, D 
pipe diameter, E Young Modulus of pipe, t pipe 
thickness, and Δy is total vertical diametric 
displacement of pipe. As there is no combined load 
and the pipe is under a compression load only, the 
first part of Eq(1) equals zero. Results of comparison 
between three methods are shown in Fig. 6 in which 
for six applied loads, the strain of pipe was calculated. 
It can be observed there is a good agreement among 
results obtained from different methods. In addition, 
a relationship between measured circumferential 
strain, CS, and pipe deflection, VDS, can be derived 
as Eq(2),  
VDS=CS X 0.00045         (2) 
Fig. 5. (a) Applying pressure on pipe crown in vertical 
direction of pipe diameter in laboratory (left image) 
schematic view of FE results for pipe vertical 
displacement under load of 1400 N(600 kPa) (right 
image) 
Fig. 6. Comparison of three methods 
4. RESULTS AND DISCUSSION
In this section the results of numerical and
experimental analysis of buried pipe are presented. 
First, the ultimate bearing capacity of loading plate on 
sand will be presented calculated through 
experimental and numerical investigations. Then, the 
impact of traffic load and influences of pressure 
magnitude and pipe burial depth on model response 
will be investigated, experimental test results 
followed by numerical investigations. Due to paper 
length limitation just a brief overview of experimental 
results and numerical modelling will be presented. 
4.1. Ultimate bearing Capacity 
In this section, the result of laboratory tests and 
finite element method to investigate the ultimate 
bearing capacity of loading plate is presented. The 
methodology of this section is adopted from literature 
review which is not explained here because of page 
length limitation[12, 13]. For bearing capacity 
analysis a downward load has been applied on top of 
the soil during 65 seconds to avoid sudden collapse of 
soil under footing. After applying pressure, 
foundation pressure will be increased up to failure 
point which will be bearing capacity term. Then after 
performing the test and simulation, experimental 
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results will be compared with numerical analysis. 
From experimental results, when failure takes place, 
the slip surfaces under the footing and its sides can be 
identified as shown in Fig. 7-a and they have 
developed clearly from the edge of footing to the 
ground surface. The result of plastic shear at failure 
point of is illustrated in Fig. 7-b. Results show that 
there are three different distinct area zones under the 
footing at failure point: triangular zone immediately 
under the footing; two radial zones, and two Rankin 
passive zones [14]. The pressure–settlement curve of 
both analysis are shown in Fig. 7-c. It can be seen that 
there is a prominent peak of 550 kPa for both graphs. 
Based on experimental results after a certain load, the 
vertical displacement increases even for a lower load. 
In general, although the numerical results do not fit 
completely with the experimental results, the results 
are in good agreement. Any discrepancy may be 
related to the chosen model for soil and foundation 
parameters, and differences between the boundary 
conditions in the numerical and experimental models. 
(a) 
(b)
(c) 
Fig. 7. (a) Bearing capacity failure (b) Plastic shear 
strain distribution at failure (c) Load–displacement 
curve comparison of FEM and experimental results  
4.2. Traffic Load 
Traffic load tests were performed to compare pipe 
behaviour due to change in surface pressure and 
burial depth during a static phase. In order to validate 
the FE model the results of numerical simulations will 
be compared with those from experimental results. It 
is noted the reason to apply traffic load as static load 
and not cyclic load is that the large portion of the pipe 
deformation and soil surface settlement occurs at the 
end of first cycle showing the importance of first 
cycle. In addition, performing static load is less time 
consuming compared with cyclic tests and 
simulations. Results of experimental tests for 
different surface pressure and burial depths are 
presented in Table 2. All tests are simulated through 
finite element analysis and some of the calculated 
results will be presented in the following section.  
Table 2 Values of VDS, SSS and σ for different 
surface pressures and burial depths; experimental 
results 
Test 
No 
Surface 
pressure 
H/D VDS 
( % ) 
SSS 
(mm)
σ
(kPa)
1 250 1 1.4 2.32 128 
2 250 1.5 1.09 2.99 90 
3 250 2.5 0.32 3.59 55 
4 400 1 1.86 3.65 225 
5 400 1.5 1.62 4.3 128 
6 400 2.5 0.95 5.9 78 
Fig. 8-a presents the numerical simulation of pipe 
displacement variation on its crown and along its 
circumference at two burial depths of H=1D and 
H=2.5D under surface pressure of 400kPa. The value 
of zero on horizontal axis indicates the point on the 
crown at centre of loading. For example, for H=1D 
deflection at pipe crown is 1.8 mm and it decreases 
away from its centre and its value is minimum on the 
bottom of pipe plunged to almost zero. Both graphs 
converge on the bottom of pipe to zero which means 
under any surface pressure and burial depth pipe 
displacement on its bottom is minimum and is almost 
zero.  
 In Fig. 8-b the variation of surface settlement 
under loading area calculated through finite element 
method is illustrated. As it is shown maximum 
settlement for all burial depths occurs at pipe crown 
as expected. In addition, regardless of burial depth, 
the soil surface settlement decreases away from the 
centre of loading. It is clear that soil surface 
settlement for all burial depths converges to the 
minimum value over 2B distance from centre or two 
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times of loading area. 
Fig. 8-c compares results obtained through 
experimental and numerical methods at H/D=2.5 for 
two surface pressures of 250 and 400 kPa. It can be 
seen that the value predicted with FEM analysis have 
a good agreement with those captured in laboratory at 
pipe crown. For example, at depth of H=2.5 D under 
surface pressure of 400 kPa PC on pipe crown shows 
pressure of 78 kPa and FEM analysis predicts stress 
of almost 80 kPa. Maximum values of pipe deflection, 
soil surface settlement and pressure on pipe crown at 
any surface pressures and burial depths calculated 
through FE will be compared with experimental 
results summarised in Table 2 and will be discussed 
in the following section. 
(a) 
(b) 
(c) 
Fig. 8. FE results (a) pipe deflection (b) surface 
contours under surface pressure of 400 kPa (c) 
vertical stress caused by the strip footing 
4.3. Comparison and Discussion of Results 
In this section, the results obtained from 
experimental tests and numerical simulations will be 
compared and the impact of burial depth and surface 
pressure on VDS, SSS and σ variation will be 
discussed. 
VDS: The impact of surface pressures of 250 and 
400 kPa and burial depths of H=1, 1.5 and 2.5D on 
pipe deflection is illustrated in Fig. 9. It can be seen 
that for both graphs increasing burial depth reduces 
VDS and maximum VDS occurs when burial depth is 
minimum. Increase in load pressure has a significant 
impact on change of VDS and increasing surface 
pressure increases VDS significantly. As illustrated, 
there is a good agreement between numerical and 
experimental results.  
SSS: The influence of burial depth and surface 
pressure on soil surface settlement of model is 
illustrated in Fig. 9-b. As shown, for the specified 
surface pressure, SSS increases when burial depth 
increases. For example under surface pressure of 400 
kPa at H/D=1, SSS is 3.05 mm and increasing burial 
depth from H/D=1 to 1.5 and 2.5, increases SSS from 
3.05 to 5.1 and 6.8 mm, respectively. This can be due 
to compressive layer above the pipe and with 
increasing burial depth the thickness of compressive 
layer increases. Means soil settles more when burial 
depth increases. 
σ: Fig. 9-c shows the impact of change in burial 
depth and surface pressure on stress transmit to the 
pipe crown obtained through experimental and 
numerical analysis. As illustrated results from two 
methods follow the same pattern and increasing burial 
depth leads to decrease in pressure on pipe crown. In 
addition, increasing surface pressure increases stress 
on the pipe as expected. The gap between two graphs 
for different surface pressures is lower for deeper 
burial depths means the impact of surface pressure is 
more significant for shallower pipes compared to 
deeper pipes.  
(a)
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(b) 
 
(c) 
 
Fig. 9. (a) Variation of the maximum VDS of pipe 
(b) Soil surface settlement (c) earth pressure on pipe 
crown 
  
4.4. Regression model 
 
Based on experimental and numerical data, ration 
of soil surface settlement to pipe diameter, SSS/H, 
pipe vertical diametric strain, VDS, and stress on pipe 
crown to applied pressure, σ/P can be predicted as a 
function of pipe burial depth, H/D and magnitude of 
applied stress on soil surface, P. For this purpose, a 
regression model has been developed using Curve 
Fitting Toolbox in Matlab. This toolbox provides 
functions for fitting curves and surfaces to data and 
performs exploratory data analysis, pre-process and 
post-process data, compares candidate models, and 
removes outliers. After few trial and errors a linear 
polynomial model found to be best to predict model 
response. The function to fit a polynomial surface is 
f= fit ([x, y], z, 'poly23') or a degree 2 in x and degree 
3 in y. So, the general equation to find a function 
between parameters will be: 
 f(x y)  =  p00 +  p10 ∗ x +  p01 ∗ y +  p20 ∗x^2 +  p11 ∗ x ∗ y                                               (3) 
 
Where x and y are predictors variables while x is 
burial depth, H/D, and y is magnitude of surface 
pressure to minimum pressure, P/P0. It is noted the 
equation is normalised using dimensionless values for 
pressure and surface settlement diving them by initial 
pressure and depth of pipe, respectively. From all 
tests and finite element analysis the partial regression 
coefficients (p00, p10, p01, p20 and p11) are 
calculated and are illustrated in Table 3. It is noted R-
square of VDS, SSS/H and σ/P are 0.9959, 0.9899 
and 0.9842, respectively.  
 
Table 3 Coefficients of regression model 
Prediction P00 P10 P01 P20 P11 
VDS 1.11  -0.33  0.54  -0.16  0.22  
SSS/H 0.15 -0.15  +0.22 0.04  -0.04 
σ/P 0.98  -0.70  0.14  0.17  -0.08  
 
The predicted values for VDS, SSS and σ were 
calculated based on developed equations and for each 
value the accuracy of parameter was assessed based 
on percentage of error calculating through Eq(4) 
 
𝟐𝟐𝑬𝑬 = (𝑨𝑨𝒊𝒊−𝑨𝑨𝑬𝑬
𝑨𝑨𝒊𝒊
)X100                                               (4) 
 
In which Ep is error percentage for both 
experimental and numerical analysis. Ai, is observed 
value of experimental test or numerical analysis and 
Ap is predicted value at each test series. In order to 
show the precision of predicted results, the 
cumulative histogram percentage of errors of the 
model for the prediction of SSS/H, VDS and σ/P for 
data are shown in Fig.10. It shows that for predicted 
parameters, for example, 80% of data have less than 
6% error for SSS while this error for VDS is 6% and 
for σ is 10%.  
 
 
 
Fig. 10. Cumulative histogram percentage of error for 
the prediction of SSS, VDS and σ 
 
5. CONCLUSION 
 
In this research, an experimental and numerical 
analysis were carried out to investigate the impact of 
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pipe embedment depth and surface pressure on buried 
pipe response under traffic load. Two test series were 
performed (1) the ultimate bearing capacity of soil (2) 
traffic load tests to simulate traffic load on buried pipe. 
Numerical simulations were performed to better 
understand model behaviour under different 
conditions. The main conclusions through this study 
can be summarised as follows:  
• Good agreement between numerical and
experimental test results was observed for both
test series.
• The results from experimental investigation and
numerical simulations indicates that the ultimate
bearing capacity of footing was almost 570 kPa
for both analysis.
• Traffic test results reveal that pipe burial depth has
a significant effect on surface settlement. Soil
surface settlement increases as pipe burial depth
increases. Increasing burial depth reduces
pressure on pipe crown as well as pipe deflection.
• In addition, increasing surface pressure had a
significant impact on increasing pipe deflection,
soil surface settlement and pressure on pipe as
expected.
• Regression model to estimate vertical diametric
strain VDS and settlement of soil surface SSS and
pressure on pipe crown σ was developed based on
all numerical and experimental tests data.
• Cumulative error show that all predicted values
have less than 10 % error.
• To provide further understanding of the behavior
of buried pipes in response to external cyclic
loading, this research could be extended in cyclic
phase.
• In addition, the current study in experimental
section was in the laboratory only and a full scale
field verification is still needed.
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Evaluation of Permanent Deformation of BRA Modified Asphalt Paving 
Mixtures Based on Dynamic Creep Test Analysis 
Muhammad Karami1,2,a *, Ainalem Nega2,b, Ahdyeh Mosadegh3,c, 
and Hamid Nikraz4,d
1 Department of Civil Engineering, Curtin University, GPO Box U1987, Perth, WA 6845, Australia 
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Keywords: Permanent deformation; buton rock asphalt (BRA); unmodified asphalt 
binder; modified asphalt binder; dynamic creep test; flow number (FN); rutting 
Abstract. The main objective this study is to evaluate the permanent deformation of buton rock 
asphalt (BRA) modified asphalt paving mixtures using dynamic creep test so that long term 
deformation behavior of asphalt mixtures can be characterized. The dynamic creep test 
was conducted on unmodified and BRA modified asphalt mixture using UTM25 machine. 
Asphalt cement of C170 from a regional supplier in Western Australia was used as the base 
asphalt binder for unmodified asphalt mixture; and BRA modified asphalt mixtures were made by 
substituting the base asphalt with 10, 20, and 30% (by weight of total asphalt binder) natural 
binder continuing granular BRA modified binder. The granular (pellets) BRA modified binder with 
a diameter of 7-10 mm was produced and extracted according the Australia Standard. Crushed 
granite was taken from a local quarry of the region; and dense graded for both unmodified and 
BRA modified asphalt mixture with the nominal size of 10 mm was used. The results of this 
analysis showed that BRA modified had a good performance as compared with unmodified 
asphalt mixtures, and increase in the content modified binder to 10%, 20%, and 30% resulted 
in decrease of the total permanent strain.
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Numerical Analysis of a Small Flexible Pipe Subjected to Surface 
Load / Buried in Non-Treated and Cement Treated Trench
Ahdyeh MOSADEGHa, Hamid NIKRAZb, 
Department of Civil Engineering, Faculty of Science and Engineering, Curtin University, Australia 
Abstract 
The performance of a buried pipe subjected to traffic load was investigated using. Finite 
Element analysis, ABAQUS software. Impact of earth pressure, pipe burial depth and 
stabilization was investigated on model performance. Results were presented in terms of pipe 
deflection, soil surface settlement and pressure on pipe. For validation, numerical results 
obtained were compared with those from experimental investigations.  
The results showed that a good agreement between numerical and experimental test was 
observed. Results also revealed that increasing burial depth decreases pipe deflection, 
increases soil surface settlement and decreases pressure on pipe while increasing surface 
pressure increases all mentioned parameters. Results also indicated that cement stabilization 
improved pipe behavior and reduced surface settlement of trench and pipe deflection. After 
stabilization lower strain occurred in the pipe and pipe deformation was more flat compared to 
pipe deformation mode in non-treated sand. From all results, equations were also developed 
for both non-treated and cement-treaded cases using Regression model in MATLAB. 
Cumulative error histogram showed that all predicted values have less than 10 % error.  
Keywords: buried flexible pipe, surface load, numerical simulations, Abaqus, cement-
stabilization 
This paper is submitted to Geo-Edmonton 2018 
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Evaluating the Impact of Stabilization on Performance of Buried 
Pipe / Experimental Investigations  
Ahdyeh MOSADEGHa, Hamid NIKRAZb, Omid Khalajc
A and b Department of Civil Engineering, Faculty of Science and Engineering, Curtin University, Australia 
C Department of Civil Engineering, University of West Bohemia, Czech Republic 
Abstract 
In this paper, the impact of stabilization on a performance of buried pipe was investigated 
using experimental investigations. For this purpose, a series of static and cyclic load plate 
tests were conducted on a buried pipe to investigate model response during initial and cyclic 
phase. Results were presented in terms of pipe deflection, soil surface settlement and earth 
pressure on pipe. 
Results revealed that stabilization improves model bearing capacity. In addition, cement 
stabilization improves model performance for all cases with remarkable reduction in pipe 
deflection, soil settlement and stress on pipe. It was also found that stabilization is more 
efficient in cyclic load than static load. A comparison of static and cyclic results signified the 
importance of first cycle showing up to 0.85 of model deformation occurs during the initial 
cycle. It is noted only one type of pipe, sand and cement are used in this laboratory study. 
Keywords  buried flexible pipe, cyclic load, experimental investigations, cement stabilization  
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A Numerical Parametric Study on Buried Pipe Performance 
Subjected to Various Loading Conditions 
Ahdyeh MOSADEGHa, Hamid NIKRAZb,  
a PhD Candidate of Civil Engineering, Curtin University, Perth, Australia 
b Professor of Civil Engineering, Curtin University, Perth, Australia  
Abstract 
 A numerical parametric study was carried out to investigate the influence of different factors 
on pipe-soil behaviour under live load using ABAQUS. The effect of seven different factors 
including burial depth of pipe, pressure magnitude, width of loading area, internal pressure, 
pipe-soil interaction properties, pipe material and wall thickness on pipe deflection, surface 
settlement, maximum stress in pipe wall as well as earth pressure on pipe were investigated. 
Results indicated that surface pressure has the highest contribution on model response 
following by burial depth and loading area. Internal pressure has the highest contribution on 
stress variation in pipe wall but its contributions on other factors including pipe deflection, 
surface settlement and earth pressure on pipe is not remarkable. The contribution of other 
investigating factors on model performance was not remarkable. 
KEY WORDS: Parametric study, finite element analysis, Abaqus, buried pipe 
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Experimental Investigations of Buried Pipe Performance 
under Cyclic Load 
Ahdyeh MOSADEGHa, Hamid NIKRAZb, Omid Khalajc
A and b Department of Civil Engineering, Faculty of Science and Engineering, Curtin University, Australia 
C Department of Civil Engineering, University of West Bohemia, Czech Republic
Abstract  
In this paper, a flexible buried pipe response under cyclic load is investigated using 
experimental investigations. A series of laboratory tests were carried out to investigate 
the impact of surface pressure and burial depth and number of cycles on the model 
response. Experimental tests were carried out using UTM25 to apply cyclic load on 
surface of a tank in which pipe was buried.  
Results revealed that pipe burial depth has a significant impact on all variables. Soil 
surface settlement increases as pipe burial depth increases. Increasing burial depth 
reduces pressure on pipe crown as well as pipe deflection. Increasing surface pressure 
has a significant impact on increasing pipe deflection, soil surface settlement and 
pressure on pipe as expected. Results also showed that high portion of model 
deformation occurs during first cycle. This ratio of soil surface settlement in first cycle to 
cycle N, varies between 0.05 and 0.35 while N is chosen to be 100th and 500th.  In 
addition, between 0.35 and 0.75 of pipe deformation occurs during first cycle.  
KEY WORDS: buried flexible pipe, cyclic load, experimental investigations 
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Comparison of Neural network and Regression Model in Developing 
Equations to Predict Pipe Performance under Traffic Load 
Ahdyeh MOSADEGHa, Hamid NIKRAZb
A and b Department of Civil Engineering, Faculty of Science and Engineering, Curtin University, Australia 
Abstract  
In this paper, two different methods of Linear Regression Model (LRM) and Artificial Neural 
Network (ANN) were implemented including for predicting model response. Equations were 
developed using Matlab software to estimate pipe vertical deflection, soil surface settlement 
and pressure on pipe crown based on experimental tests data during initial and cyclic phase 
for both non-treated and cement-treaded cases. Then, the predicted values based on each 
method were compared with experimental data. Finally, in order to show the precision of 
predicted results the magnitude of error and cumulative histogram percentage of errors were 
calculated. 
It was shown that while linear regression modelling approach was deficient to predict desired 
parameters, more accurate results were obtained using neural network model. In addition, 
verification of two models and calculating errors revealed that higher errors are observed in 
the beginning of each cyclic phase. Cumulative error analysis showed that all predicted 
parameters in neural network have less than 20% error. This value for regression method is 
42%. 
KEY WORDS: Neural network, linear regression model, experimental data, predicting 
equations, Matlab, buried pipe response 
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APPENDIX B 
VALIDATION OF ABAQUS MODEL WITH PLAXIS 
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B.1. INTRODUCTION
The validation of ABAQUS model for evaluating behaviour of buried pipe subjected to 
surface live load was carried out using PLAXIS 2D (Brinkgreve et al., 2011; Plaxis, 
2011). A set of soil-structure interaction analysis was conducted to investigate the 
suitability of the ABAQUS to examine whether both software can produce the same 
results.  
B.2. METHODOLOGY AND MATERIAL PROPERTIES
In this section, the methodology and material properties for modelling with PLAXIS is 
presented (Brinkgreve et al., 2011). It is noted that the methodology and material 
properties for simulation with ABAQUS is similar to those presented in Chapter 3 and 
is not presented here. 
Due to the long length of the pipe compared to its width, the problem was 
modelled assuming plane strain conditions. The geometry of model is shown in 
Figure-B-1. For boundary conditions, both vertical sides of the model are fixed in a 
horizontal direction with vertical displacement, and the bottom of the model is fixed in 
both vertical and horizontal directions. The same material properties for soils and pipe 
were used in Chapter 3 were used in PLAXIS as well. For trench soil, sand material 
was chosen based on the appropriate constitutive model in PLAXIS library. The 
hyperbolic hardening soil model was used which is a refinement of Duncan and 
Chang model (M. Duncan & Chang, 1970). Therefore, Hardening-Soil mode was 
chosen to model trench soil and input parameters were selected from literature and 
adopted from Simpson et al (Simpson, 2009). SW90 represents sand material with 
cohesion of 0.001 KPa, friction angel of 45.5 degrees and dilation angel of 15.5 
degrees. (Likitlersuang et al., 2013). Granular soil properties were the same as 
those used in parametric study in Chapter 3. Steel pipe was modelled using plate 
elements assuming elastic behaviour and flexural rigidities based on gross pipe 
dimensions. ܧܫ ൌ 1.4 ൈ 10ଷ	ܭܰ. ݉ଶ, axial rigidity ܧܣ ൌ 1.2 ൈ 10଺	ܭܰ/݉ and Poisson 
ratio ν=0.3. In all models, the mesh has been refined in areas with stress 
concentration around the pipe.  The 15-node triangular elements for interaction 
interface elements were used at pipe-soil interaction area consisting five pairs of 
nodes with zero thickness. Interface elements were used to simulate the interaction 
between the pipe and the soil. Two types of interaction properties were considered 
in the analysis, one rigid interaction and the other one elastic-perfectly plastic 
springs with strength reduction factor of 0.5. The applying load in PLAXIS was 
chosen to be staged construction. Traffic load was applied at the final stage of 
modelling. 
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Traffic load was simulated as a uniform distributed load of 200, 400 and 550kPa 
acting on 2 m length as shown in Figure B-1. 
Table B-1 Soil properties 
Soil  
γsat 22 ν  0.3 
γunsat 20 M (power)  0.75 
eint 0.5 d KN/m2  0.01 
Eoed KN/m2 32e3 φ  45 
E50 KN/m2 32e3 ψ  15 
Eur KN/m2 97e3 R  0.5 
(a) (b)
Figure B-1 (a) Boundary condition of the model (b) finite element discretization 
B.3. RESULTS
The results of PLAXIS simulations to investigate buried steel pipe response due to 
surface pressure are briefly presented in this section. Two criteria were selected to be 
assessed (1) impact of surface load magnitude and (2) interface properties impact. 
The impact of change in surface pressure and interface properties on model response 
are investigated and results are discussed in the following section. Figure B-2 shows 
deformations of whole model due to live load for the case of H=2.5D under surface 
pressure of 550 kPa. It can be seen that the deflection on soil surface and pipe crown 
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are about 8 cm and 5 cm, respectively. These values are consistent with those 
achieved with ABAQUS presented in Chapter 3.  
Figure B-2 Vertical deformation of model under 550 KPa and H=2.5D 
 Impact of surface pressure magnitude on model deformation is analysed and 
results are illustrated in Figure B-3-a. The vertical axis represents vertical deformation 
and horizontal axis represents depth from soil surface. For example, zero on 
horizontal axis represents soil surface and 2.5 represents pipe crown as illustrated on 
the figure. It can be seen that higher surface pressure induces higher vertical 
deformation in the model. For example, under surface pressure of 550 kPa, soil 
surface deformation is 7.8 cm while this value for surface pressure of 400 and 200 
kPa are 6 cm and 2.3 cm, respectively. The gap between graphs or impact of surface 
pressure is maximum on soil surface. This impact is minimum at pipe invert and the 
gap between three graphs is minimum.  
Impact of interface properties is also studied. The impact of two different types 
of friction coefficient under surface load of 550 and 200 KPa is investigated and results 
are illustrated in Figure B-3-b. It can be seen that strength reduction interface 
transmits lower vertical deformation within the soil body although this difference is 
negligible. For example, under surface pressure of 550 kPa, soil surface 
settlement is 8 cm for rigid body interface. This value for the interface with 
interaction ratio of 0.5 is 7.8 cm. 
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(a) 
(b) 
Figure B-3 Impact of surface (a) pressure (b) interface properties on model 
vertical displacement 
B.4. VALIDATION
The results from ABAQUS and PLAXIS simulations are compared and illustrated in 
Figure B-4. The figure compares results from ABAQUS and PLAXIS for two different 
surface pressure and two different types of interaction properties. It can be seen that 
results from PLAXIS simulations and ABAQUS calculations are in good agreement.  
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Figure B-4 Comparison of results from PLAXIS with ABAQUS 
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APPENDIX C 
CONSTITUTIVE MODELS FOR SOIL 
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C.1 INTRODUCTION
Two constitutive modelling of soil plays an important key role in obtaining accurate 
numerical results. As mentioned in Chapter 4, two types of sandy soil and cement-
treated soils were used in this research. These soils were modelled using Drucker-
Prager and Mohr-Coulomb constitutive models for numerical simulations. In the 
following section, first a brief review of Mohr-Coulomb plasticity model is described. 
Then, Drucker-Prager plasticity model is explained and some advantages and 
limitations of each model are addressed in each section. 
C.2. MOHR-COULOMB PLASTICITY MODEL
A common and simple yield criterion for soil is Mohr Coulomb. In this model elastic 
properties are required as well as parameters describing soil failure. For elastic 
properties Poisson ratio and elastic modulus describe soil behaviour. For plastic 
properties friction angle and dilation angle as well as cohesion are required to 
describe material properties. Although Byrne et al in 1987 showed that Poisson ratio 
(ϑ) can change between 0.1 to 0.5 for different value of strain, a constant value of 
0.3 to 0.35 is selected in practice. Other elastic properties can be obtained through 
triaxial results. The Mohr-Coulomb plasticity model is a perfect plasticity model 
proposed by Coulomb in 1773 for cohesive frictional materials. In the model shear 
strength τ, is a function of the applied normal stress	ߪ. The Mohr-Coulomb model 
provides the relationship between the two: 
τ ൌ ܿ ൅ ߪݐܽ݊φ C-1
Where C is the cohesion intercept and φ is the internal friction angle. The 
model is based on plotting Mohr's circle for states of stress at failure in the plane of 
the maximum and minimum principal stresses. The failure envelope is a curved line 
obtaining from a plot of the shear strength of a material versus the applied normal stress. 
Mohr's circles as shown in Figure C-1. 
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Figure C-1. Mohr Coulomb failure envelope (ABAQUS, 2013) 
The yield criterion of Mohr-Coulomb model can be also expressed in terms of 
principal stress as well as follow.as below 
f ൌ ሺσଵ െ σଷሻ െ ሺσଵ ൅ σଷሻݏ݅݊߮ െ 2ܿܿ݋ݏ߮ ൌ 0 C-2
In which σଵ and σଷ	 are maximum and minimum principal stresses.  
Figure C-2. The Mohr –Coulomb yield criterion on a deviatoric plane 
The yield function of built-in Mohr-Coulomb model of ABAQUS is based on 
classic model and equation is shown in equation C-3 and Figure C-3.  
f=Rmcq –ptanφ-c=0 C-3
Where Rmc is a measure of the shape of yield surface in the deviatoric plane. 
Φ is slope of the Mohr-Coulomb yield surface. However, the flow potential is a 
hyperbolic function in p-Rmcq plane with no corners instead of hexagon. More details 
can be found in (ABAQUS, 2013, Helwany, 2007). 
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(a) 
(b) 
Figure C-3. Yield surface in the meridional plane (b) Mohr Coulomb flow potential in 
the meridional plane  
Some advantages of using Mohr-Coulomb model are: 
• It is simple.
• The model is identified for granular material like soils under monotonic loads.
• Yield surface has corners.
• It is valid for many soils.
• Model parameters can be easily obtained from soil experiments.
One major limitation of Mohr Coulomb model is that yield surface has corners while 
in built-in model in ABAQUS this problem has been solved. 
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C.3. DRUCKER-PRAGER PLASTICITY MODEL
The Drucker-Prager plasticity first introduced by Drucker and Prager in 1952 for 
frictional soil. The yield criterion uses the mean pressure, to create a smoothed 
version of above condition which results in a semi-infinite cone, defined by equation 
C-4 and equation C-5 for linear and hyperbolic behaviour, respectively:
ܨ ൌ ݐ െ ݀ െ ݌ݐܽ݊ߚ ൌ 0 C-4
ܨ ൌ ට 2210 tan)( qPd  െ ݌ݐܽ݊ߚ െ ݀′ ൌ 0
C-5
The variable t is a measure of deviator stress and more details as shown in 
Figure C-4 (ABAQUS, 2013). It is worth noting that for plane strain considerations, 
the Mohr-Coulomb parameters and Drucker-Prager parameters can be converted to 
each other based on existing formulations as follows in plain strain condition  
	tan ߚ′ ൌ
ଷ√ଷ	௧௔௡థᇱ
ඥଽାଵଶ௧௔௡మథᇱ
, ݀ᇱ ൌ ଷ√ଷ	஼ᇱ
ඥଽାଵଶ௧௔௡మథᇱ
C-6
In three dimensional problems:  
tan ߚ′ ൌ
଺	௦௜௡థᇱ
ଷേ௦௜௡థᇱ
 , ݀ᇱ ൌ ଺௖ ୡ୭ୱథᇱ
ଷേ௦௜௡థᇱ
  C-7
It is noted more details about this model can be found in section 23.3 in ABAQUS documents 
(ABAQUS, 2013). 
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Figure C-4 Yield criteria of Drucker Prager (ABAQUS, 2013) 
Some advantages of using Drucker-Prager are: 
• It is simple to use.
• It can be easily matched with Mohr-Coulomb model.
• It satisfies the associate flow rules.
One major limitation of Drucker-Prager model is that it cannot reproduce 
the hysteretic behaviour within failure surface.
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C.4. DESCRIPTIONS OF MATERIAL PROPERTIES IN ABAQUS
In the model in ABAQUS.CAE following descriptions are used in defining material 
properties of current project based on Drucker-Prager and Mohr-Coulomb models. 
For backfill material an extended Drucker-Prager model was used as follows: 
 The shear criterion parameter was set to linear and hyperbolic.
 Unsymmetrical solver was defined as *STEP,UNSYMM=YES for plastic flow
rule as non-associated
 The Drucker-Prager plasticity options were used to define ߚ,	ε and K, the
flow potential eccentricity parameter was used as ε =0.1 and other properties
are illustrated in Figure C-5. D=35 and K=1.
 The Drucker-Prager hardening option was also defined as *Drucker Prager
Hardening 100000, 0 in which 100000 is yield stress and 0 is plastic strain at
failure.
Figure C-5 Drucker-Prager plasticity data input in ABAQUS for sand in the current project 
For cohesive / cemented material the Mohr Coulomb model was used as follows: 
 Linear, isotropic elasticity was used.
 Non-associate flow rule was considered to define material property and
unsymmetrical solver was needed to be applied as *STEP,UNSYMM=YES
 The Mohr-Coulomb option was used to define φ, ψ and ε
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• The eccentricity parameter was used as 0.1.
• And dilation angle and friction of soil was chosen not to be functions of
temperature.
(a) (b)
Figure C-6 Mohr-Coulomb plasticity data input in ABAQUS for cement-treated sand in the 
current project 
C.4. SUMMARY
The general plasticity and two soil constitutive models available in ABAQUS have 
been discussed in this section. The theory of each model were briefly discussed. At 
the end constitutive models used in the current project to define material properties 
in ABAQUS input file were discussed. 
C.5. REFERENCES
ABAQUS‐6.13 2013, ABAQUS/CAE User's Manual, Dassault Systèmes, USA. 
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APPENDIX D 
PREDICTING MODEL RESPONSE 
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D.1. MATLAB CODE FOR MULTIPLE REGRESSION MODEL
In this section the results of multiple linear regression equations for predicting model 
response are presented. The output, predicted values and method were addressed 
in Chapter7. 
 The predicted equations are represented in terms of H/D, P and N and denoting burial 
depth, surface pressure and number of cycles. It is noted for some cases, predicted 
equations include LG N which is natural logarithmic function of number of cycles.  
D.1. M-FILE IN MATLAB
To implement the regress command, the m-file was used. One example of m-file used 
in the research to predict VDS is illustrated as below.  
%% Regression models 
%  
% 
clear; 
clc; 
warning('off','MATLAB:xlswrite:AddSheet'); 
%% Import Data from xlsx file 
%  
path_input='put directory'; 
file_input=fullfile(path_input,'name of file.xlsx'); 
% By default it reads the first sheet page of the xls file 
VDS_tbl = readtable(file_input,'ReadRowNames',true); 
%% Create fitted models 
%  
% GENERAL Model 
modelspec = 'VDS ~HD^2:LG2^2+P+N'; 
mdl = fitlm(VDS_tbl,modelspec);  
% 
coefnames = mdl.CoefficientNames; 
coefvals = mdl.Coefficients(:,1); % table 
coefvals = table2array(coefvals); 
mdl; 
mdl.Formula
%% SIMPLIFIED MODEL 
mdl1= step(mdl,'NSteps',10); 
coefnames1 = mdl1.CoefficientNames;  
% mdl1.Formula can be used to show the formula of the model 
% table new model 
coefvals1 = mdl1.Coefficients(:,1); % table 
coefvals1 = table2array(coefvals1); 
mdl1; 
mdl1.Formula 
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MULTIPLE LINEAR REGRESSION EQUATIONS 
After running the m-file, equations are displayed along with tables showing estimated 
coefficients. Equations are shown in equations D-1 to D-6 and estimated coefficients 
are presented in Tables D-1 to D-6. The regression coefficient estimated for each 
case including predictor variables, coefficient estimates, the standard error, T-
statistic, and P-values are displayed in the first column to the fifth column. It can be 
seen that predicted equations using linear regression model are quite long equations. 
However, the quality of all models are excellent as p-value are very small and R-
squared are close to 1 as were discussed earlier in Chapter 7. Predicted equations 
and estimated coefficients are presented as follows.
NON-TREATED CASE 
VDS-NC ~ 1 + HD*P + HD*N + HD*LG + P*LG + N*LG + HD^2 D-1
SSSH ~ 1 + HD:P:LG + HD:P:N:LG + (HD^2):P:LG D-2
P/P ~ 1 + HD*LG + P*N + P*LG + (HD^2):LG + HD*P*N*LG D-3
Table D-1 Estimated coefficients for VDS-Non-treated sand 
Est SE Tsat Pvalue 
'(Intercept)' -15.925 0.156 -101.831 0 
'HD' 19.266 0.178 108.173 0
'P' 15.512 0.110 140.681 0
'N' -0.018 0.002 -9.528 8.04E-21
'LG' 0.429 0.058 7.395 2.60E-13
'HD:P' -17.100 0.131 -130.157 0
'HD:N' 0.002 0.000 9.924 2.17E-22
'HD:LG' -0.407 0.023 -17.811 2.19E-63
'P:LG' 0.691 0.021 32.999 4.61E-172
'N:LG' 0.006 0.001 8.102 1.28E-15
'HD^2' -5.124 0.049 -105.101 0
'HD^2:P' 4.421 0.037 121.101 0
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Table D-2 Estimated coefficients for SSS-Pure sand 
Est SE Tsat Pvalue 
'(Intercept)' -15.925 0.156 -101.831 0 
'HD' 19.266 0.178 108.173 0
'P' 15.512 0.110 140.681 0
'N' -0.018 0.002 -9.528 8.04E-21
'LG' 0.429 0.058 7.395 2.60E-13
'HD:P' -17.100 0.131 -130.157 0
'HD:N' 0.002 0.000 9.924 2.17E-22
'HD:LG' -0.407 z -17.811 2.19E-63
'P:LG' 0.691 0.021 32.999 4.61E-172
'N:LG' 0.006 0.001 8.102 1.28E-15
'HD^2' -5.124 0.049 -105.101 0
'HD^2:P' 4.421 0.037 121.101 0
Table D-3 Estimated coefficients for pressure sand 
Est SE Tsat Pvalue
'(Intercept)' -3.983 0.483 -8.240 2.48E-15 
'HD' -0.262 0.062 -4.254 2.62E-05
'P' 4.754 0.508 9.359 5.88E-19
'N' -0.004 0.001 -7.291 1.66E-12
'LG' 2.509 0.246 10.211 6.58E-22
'HD:LG' -0.226 0.034 -6.561 1.66E-10
'P:N' 0.004 0.001 6.992 1.14E-11
'P:LG' -2.355 0.260 -9.059 5.90E-18
'HD^2:LG' 0.085 0.002 43.166 1.28E-152
'HD:P:N:LG' 0.000 0.000 -3.860 0.000132 
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CEMENT-TREATED CASE 
VDS ~ 1 + P*HD + P*N + P:LG + HD*N + HD^2+ P:HD:LG +  (P^2):LG + 
(P^2):HD2:LG+ P:(HD^2):LG2 + (P^2):(HD^2):LG 
D‐4 
SSS/H ~ 1 + P*HD + P*N + HD*N + HD:LG:N + P:HD:LG:N2 + (HD^2):LG:N+ 
P:(HD^2):LG:N 
D‐5 
σ/P ~ 1 + (H/D)*N + (H/D)2 + (P)2  D‐6 
Table D-4 Estimated coefficients for VDS-cement-treated sand 
'(Intercept)' -0.46585 0.085864 -5.42548 6.25E-08 
'P' -0.73827 0.047696 -15.4785 5.03E-52 
'HD' 1.470729 0.079688 18.45605 4.45E-72 
'N' -0.00018 6.37E-05 -2.84938 0.004411 
'P:HD' 0.629536 0.025032 25.14947 1.18E-126 
'P:N' 0.00053 4.18E-05 12.67763 6.64E-36
'P:LG' -0.53919 0.053423 -10.0928 1.43E-23 
'HD:N' -0.00021 2.01E-05 -10.5495 1.44E-25 
'HD^2' -0.6647 0.020235 -32.8499 4.68E-202
'P:HD:LG' -0.01956 0.05728 -0.34148 0.73277 
'P^2:LG' 1.104077 0.027876 39.60666 1.22E-275 
'P^2:HD:LG' -0.70529 0.026778 -26.3388 1.56E-137 
'P:HD^2:LG' 0.133576 0.015411 8.667653 7.14E-18 
'P^2:HD^2:LG' 0.079361 0.006976 11.37606 2.22E-29 
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Table D-5 Estimated coefficients for SSS-cement-treated sand 
Est SE Tsat Pvalue
'(Intercept)' 0.046643 0.00099 47.09102 0 
'P' -0.02653 0.000746 -35.5657 5.06E-231 
'HD' -0.01567 0.000511 -30.6541 1.78E-179 
'N' -0.00027 8.05E-06 -34.0683 6.05E-215 
'P:HD' 0.010781 0.000378 28.51144 3.30E-158 
'P:N' 0.000288 6.09E-06 47.36563 0 
'HD:N' -1.77E-05 3.08E-06 -5.74672 1.00E-08
'HD:N:LG' 7.91E-05 3.57E-06 22.12777 1.55E-100 
'P:HD:N:LG' -7.61E-05 2.60E-06 -29.2385 2.49E-165
'HD^2:N:LG' -1.35E-05 9.54E-07 -14.1318 6.27E-44
'P:HD^2:N:LG' 1.41E-05 7.17E-07 19.71897 1.99E-81 
Table D 6 Estimated coefficients for stress on pipe in cement-treated trench 
Est SE Tsat Pvalue
'(Intercept)' 0.925264 0.008885 104.14 5.91E-294 
'HD' -0.76989 0.009787 -78.67 4.49E-247
'N' 0.000225 2.76E-05 8.17 3.86E-15
'HD:N' -7.93E-05 8.16E-06 -9.71 3.57E-20
'HD^2' 0.179065 0.002641 67.80 7.78E-223
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Policies for sharing publishing journal articles differ for subscription and gold open access
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Subscription Articles: If you are an author, please share a link to your article rather than the
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Authors are permitted to place a brief summary of their work online only. You are not
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party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:
v1.9
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10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event ofAppendix Page 103
7/23/2018 RightsLink Printable License
https://s100.copyright.com/AppDispatchServlet 3/5
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
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formatting, (if relevant) pagination and online enrichment.
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Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
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If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
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license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
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scan the printed edition to create an electronic version. Posting to a repository: Authors are
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19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
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reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
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if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal article (JPA): A published journal article (PJA) is the definitive final
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value-adding publishing activities including peer review co-ordination, copy-editing,
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and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
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If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
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and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
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submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
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You can publish open access with Elsevier in hundreds of open access journals or in nearly
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party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
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inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work 
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of such third party materials; without a separate license, such third party materials may not be used.
3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless 
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “Republished 
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright]; 
permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font 
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote 
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4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees 
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of 
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other 
tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, 
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF 
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total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total 
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THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER 
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LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL 
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER 
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UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO 
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7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of 
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1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
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terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
 
Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:
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via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
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party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event ofAppendix Page 138
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any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
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